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ABSTRACT: We synthesized and studied a redox-active quinone-
based porous organic polymer (rPOP) and found ultralong cycle
life: it is a promising organic cathode for aqueous zinc-ion batteries 9—%—3
(Z1Bs). It has high physicochemical stability and enhanced intrinsic ﬁhm& c,jge:"
conductivity from its fused-aromatic conjugated skeleton. rPOP’s » |
high porosity allows for efficient Zn*" infiltration through the pores
during charging—discharging cycles and contributes to the efficient
utilization of redox-active quinone units. It delivers a specific
capacity of 120 mAh g™' at a current density of 0.1 A g™* with a flat
and long discharge plateau, which is critically important to provide
a stable voltage output. It provides ultralong cycle life at a current
density of 1.0 A g~' for 1000 and at 2.0 A g~ for 30 000 cycles,
with initial capacity retention of 95 and 66%, respectively. The co-
insertion (Zn** and H') charge storage mechanism was investigated using various electrochemical measurements and ex/in situ
structural characterization techniques, and is explained herein. These findings contribute to a better understanding of the structure—
property relationship for rPOP and open a new avenue for new organic cathode materials for high-performance next-generation
aqueous batteries.

@ Flat discharge plateau @ High capacity @ Long cycle life
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B INTRODUCTION high-performance rechargeable aqueous zinc-ion batteries
(ZIBs).

The research on aqueous ZIBs mainly focuses on developing
a suitable cathode material that can reversibly accommodate
Zn* ions."”'* To date, several inorganic materials have been
proposed as cathode materials to build high-performance ZIBs.
Most of them are mainly based on transition-metal oxides
(manganese, vanadium, and molybdenum oxides),ls_]7 spinel-
type materials,'® and Prussian blue analogues.'” Unfortunately,
these inorganic cathodes suffer from low capacity, gradual
capacity fading, and poor cycle life owing to dissolution in the
electrolyte, significant volumetric change, and unstable phase
transition during the discharge/charge process. In addition, the
applicability of some of these conventional inorganic cathode
materials is constrained by their high cost and toxicity due to
the nature of the metal they contain.”” Researchers have
recently recognized the potential of redox-active organic

The need for energy storage systems with high performance,
environmental benignity, and low cost has been snowballing
due to ever-increasing energy demand." Meanwhile, the
increasing apprehension about environmental pollution and
economic concerns increase the necessity for the utilization of
renewable energy to attain a sustainable society.” Although
rechargeable lithium-ion batteries (LIBs) have been extensively
used to power portable electronics and electrical vehicles
(EVs) in the past decades, the limited lithium sources and
safety issues arising from the usage of flammable organic
electrolytes restrain their usage for grid-level energy storage
systems.” ® Therefore, there is an urgent need for the
development of alternative battery technologies to comple-
ment LIBs, particularly in large-scale applications.”® In this
respect, rechargeable aqueous zinc-ion batteries (ZIBs) have
attracted considerable attention compared to other mono-
valent (Li*, Na*, and K*) and multivalent (Mg**, Ca**, and —
AP**) metal-ion batteries due to the nature of the zinc anode Received: May 8, 2023
that offers high theoretical capacity (820 mAh g~ and 5855 Accepted: June 15, 2023
mAh cm™?), low redox potential (—0.76 V vs standard Published: June 29, 2023
hydrogen electrode (SHE)), aqueous electrolyte compatibility,

safety, and economic viability.” "' New cathodes offering high

capacity and long cycle life play a crucial role in developing
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compounds as alternatives for inorganic electrode materials
due to their sustainability, cost, and versatility in molecular
design.”' ~>* Among various organic groups, carbonyl contain-
ing organic compounds, such as calix[4 ]qulnone, phenan-
thraquinone,”” p-chloranil,”® and 1,4,5,8-naphthalene dii-
mide,”” show promising redox activity in rechargeable aqueous
ZIBs and reversibly host Zn*" ions by coordination reactions.
Nevertheless, the high solubility of their discharged products in
aqueous electrolytes and their poor conductivity hinder their
electrochemical performances regarding cycle stability and rate
capability. Although the polymerization or the covalent
attachment of organic redox-active units to conductive
polymer chains (or conductive carbons) can reduce their
solubility and contribute to their electrical conductivity, they
have suffered from polymer aggregation during repeated
electrochemical cycles.””™** This gradual aggregation inhibits
the effective diffusion of Zn>' ions into the interior redox-
active site, which is buried deep within the stacked layers of
polymer chains and slows down Zn®*' infiltration. It is,
therefore, necessary to design and produce new types of
cathode materials that can outperform the electrochemical
performance of existing inorganic and organic materials to
construct high-performance ZIBs.

Porous organic polymers (POPs), a class of porous materials
constructed by covalently linking organic components to form
polymeric networks, have distinct chemical and physical
properties, including variable pore size, a large surface area,
and excellent physicochemical stability.””** Unlike small
redox-active organic compounds, POPs have an insoluble
extended structure that reduces the risk of active components
leaching into the electrolyte solution during the charging/
discharging cycles. Moreover, easy structural tunability at the
molecular level provides a unique opportunity to tailor their
electrochemical features by utilizing different redox-active
moieties. All of the above features make POPs promising
electrode materials for metal-ion batteries, and they have
recently been employed in energy storage systems > ® in
addition to their traditional applications, which include gas
capture,”’ catalysis,”® sensing,”” and molecular separation.*’
To date, several POPs, including subclasses of covalent organic
frameworks (COFs),*' ™" covalent triazine frameworks
(CTFs),** conjugated microporous polymers (CMPs),*>*’
and porous aromatic frameworks (PAFs),"** have been
investigated as electrode materials in monovalent (Li*, Na*,
and K*) metal-ion batteries, particularly for LIBs. However,
studies on POP-based ZIBs are still in their infancy, and to
date, only a few COFs and CMPs, which contain phenazine
(PA-COF),” P3Q,”' PHATN-t,”* phenylamine (m-PTPA),>
thiophene (DA-CCPs),”* and quinone (HqTp,”> TP-PTO-
COF,”® TAQ-BQ,”” BT-PTO-COF,*® CTE-TTPQ,” HAQ-
COF,” and PPPA®") groups, have been reported as cathode
materials in rechargeable aqueous ZIBs. Although these
polymers have shown promising electrochemical results in
terms of capacity and rate capability, there are still issues that
need to be resolved, such as the need for complex additives
(due to their low conductivity), short cycle life, and absence of
a flat discharge plateau to provide a consistent and stable
voltage output, all of which are detrimental for practical
applications.””*>” Therefore, designing new electrochemically
active POPs and understanding their Zn*" storage mechanism
to achieve the desired electrochemical performance and cost
benefits are still of great interest.
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We describe a new quinone-functionalized redox-active
porous organic polymer (rPOP) using a modified version of
the Diels—Alder reaction between hexakis(bromomethyl)-
benzene and 1,4,5,8-anthracenetetrone. The synthesized
polymer was used as a cathode material in aqueous ZIBs.
Benefiting from the rich redox-active carbonyl groups (quinone
units), conjugated backbone, and permanently porous
structure, it showed a high capacity of 120 mAh g™' at a
current density of 0.1 A g~' with unprecedented long-term
cycling stability with 66% capacity retention after 30 000 cycles
at the current density of 2.0 A g~'. In addition, plateaus for
charge—discharge curves without a direct slope can offer a
constant voltage output, and 68% of the rPOP’s total capacity
originates from a limited voltage range of only 0.6—1.0 V at the
current density of 0.1 A g~'. The charge storage mechanism
and the redox chemistry between quinone groups and charge
carriers Zn**/H* were studied in detail by electrochemical
analyses and ex/in situ characterization techniques. This study
emphasizes the significance of the structural properties of
POPs used in this field and significantly expands our
knowledge of the relationship between the structure and
properties of organic cathode materials used in ZIBs.

B RESULTS AND DISCUSSION

The synthesis routes for preparing rPOP and the model
compound are depicted in Figure 1. To ensure the feasibility of

0
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Figure 1. Schematic of the synthesis pathways for the model
compound and rPOP.

the reaction and to discover the optimal conditions for
polymerization, the model compound $,12-naphthacenequi-
none was initially synthesized by treating naphthoquinone to a
Diels—Alder reaction with, @,a’-dibromo-o-xylene. Following
the optimized reaction protocol, the Diels—Alder reaction
between hexakis(bromomethyl)benzene and the monomer,
1,4,5,8-anthracenetetrone, results in a high yield of the desired
polymeric network, rPOP. Additional characterization details
for the model compound and 1,4,5,8-anthracenetetrone are
provided in the Supporting Information (*H, "*C NMR, and
FT-IR spectra, Figures S1—S6).
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Fourier transform infrared (FT-IR) spectroscopy initially
confirmed the formation of the polymeric structure (Figure 2).
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Figure 2. FT-IR spectra of the precursors, model compound, and
rPOP.

The disappearance of C—Br stretching at about 600 cm™
indicates the polymerization of hexakis(bromomethyl)benzene
through the Diels—Alder reaction. The observed characteristic
IR bands of C=O at 1700 cm™" support the proposed
structure of rPOP. To further investigate the chemical
structure of the rPOP, solid-state cross-polarization magic
angle spinning (CP/MAS) '*C NMR spectroscopy was
performed (Figure 3a). The broad resonance signal observed
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Figure 3. Structural characterization of rPOP. (a) Comparison of the
solid-state '3*C NMR spectrum of rPOP and *C NMR spectrum of
the model compound. High-resolution C 1s (b) and O 1s (c) XPS
spectra of rPOP.
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between 120 and 145 ppm was assigned to the carbon atoms of
aryl groups, while the other resonance signal located at about
180 ppm belonged to the carbonyl carbon, which is consistent
with the model compound. The elemental composition and
chemical bonding nature of the model compound and rPOP
were evaluated by X-ray photoelectron spectroscopy (XPS).
The survey spectra of the model compound and rPOP show
only the presence of C 1s and O 1s (Figure S7a,b). The high-
resolution C 1s spectrum of rPOP can be deconvoluted into
two peaks 284.6 and 287.3 eV, which can be attributed to
carbon atoms in aromatic rings (C=C) and carbons bonded
to oxygen atoms in the quinone moieties (C=0), respectively
(Figure 3b). The high-resolution O 1s spectrum of rPOP was
deconvoluted into two peaks with binding energies 531.6 and
533.4 eV, which can be, respectively, attributed to oxygen
atoms of quinone units (C=O0) and oxygen atoms in the
moisture trapped in the pores of rPOP (Figure 3c). The high-
resolution C 1s spectrum of the model compound is similar to
the rPOP, which shows the peaks for the aromatic rings (C=
C) and the quinone units (C=0) at 284.6 and 287.2 eV,
respectively (Figure S7c). In the O s spectrum of the model
compound, two sets of peaks with binding energies 531.5 and
533.3 eV were observed and attributed to C=0O and moisture,
respectively (Figure S7d). These results clearly verify the
successful synthesis of rPOP.

The observed broad features in the diffraction pattern of
rPOP indicate the lack of long-range order of the polymeric
network (Figure S8). The observed broad diffraction peak at ~
26° can be attributed to the ~3.4 A vertical 7—r stacking
distance of rPOP layers. The particle morphology of rPOP was
investigated using scanning electron microscopy (SEM)
(Figure S9). SEM analysis reveals globular-like particles
ranging in size from 200 to 300 nm. Energy-dispersive X-ray
spectroscopy (EDX) was done to probe elemental mapping
and revealed a homogeneous distribution of carbon and
oxygen throughout the polymer (Figure S9). The rPOP shows
remarkable thermal stability up to 400 °C (TGA data, Figure
S10). The porosity of rPOP was assessed by adsorption—
desorption isotherms using N, gas as adsorbate at 77 K (Figure
S1la). The average value of 1.0 nm pore size distribution was
obtained from the nonlocal density functional theory (Figure
S11b). The relative pressure range determined using the
Rougquerol plot (Figure S11c) was used to calculate the BET
surface area of rPOP (BET plot, Figure S11d). The calculated
BET surface area of rPOP is 737 m” g/, and detailed porosity
parameters of rPOP are summarized in Table S1. Notably,
rPOP displays a significantly greater surface area compared to
synthetically similar polymeric networks,* highlighting the
impact of the synthetic process and the significance of
monomer selection on the textural qualities of polymers.

The electrochemical performance of the rPOP cathode was
tested in rechargeable aqueous ZIBs. The electrochemical
performance of the rPOP cathode was investigated using
Swagelok-type cells, which were assembled with Zn foil as the
anode, a glass fiber membrane as a separator, and an aqueous 1
M ZnSO, solution as the electrolyte. Detailed procedures for
the preparation of electrodes, construction of cells, and
conditions for electrochemical tests are described in the
Supporting Information. First, cyclic voltammetry (CV)
measurements were performed to evaluate the reversibility of
the insertion/de-insertion processes of ions. Figure 4a shows
CV cycles collected at different scan rates (0.1-2.0 mV s™") in
the potential range of 0.1—1.6 V. The CV cycles reveal a broad
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Figure 4. Electrochemical performance of the rPOP. (a) Cyclic voltammetry (CV) curves measured at different scan rates ranging from 0.1 to 2.0
mV s™". (b) Galvanostatic (dis-)charge profiles at various current densities. (c) Rate performance of rPOP at different current densities. (d) Long-
term cycling stability of rPOP at a current density of 2.0 A g™ up to 30 000 cycles. (e) Electrochemical performance (cycle number and capacity
retention) comparison of the rPOP with previously reported organic cathodes for aqueous ZIBs. The inset shows the comparison plot of the energy
density of rPOP at 0.1 A g~' [HAQ-COF,*® TABQ,”> COF-TMT-BT,*® BT-PTO-COF,*® PANL®* PPPA-COF,®' PTA-026,"° PAF-205/CNT,*

DADB,*” PDA®].

oxidation peak at 0.95 V and three reduction peaks at 0.35,
0.68, and 0.83 V, which are related to the oxidation/reduction
reactions occurring in the quinone moieties during the cations
(de)insertion process. Similar CV patterns with small peak
shifts and increasing cathode/anode peak currents at higher
scan rates indicate good reversibility and the fast kinetics of
cation insertion/de-insertion. The linear relationship between
the peak current and the square root of the scan rates implies
that the insertion/de-insertion of cations is governed by
diffusion processes (Figure S12b).

Galvanostatic charge/discharge (GCD) measurements at
various current densities were performed to explore the
capacity and rate capabilities of the fabricated rPOP cathodes.
Figure 4b,c depicts the discharge/charge profiles and rate
performances of rPOP, respectively. rPOP has a specific
capacity of 120 mAh g™' at a current density of 0.1 A g~' and
shows specific capacities of 89, 69, and 58 mAh g_1 at current
densities 0of 0.2, 0.5, and 1.0 A g_l, respectively. These numbers
demonstrate the high-rate capability of rPOP. While previously
reported polymers, such as HqTp-COFs,”> PA-COFs,*® and
TAQ-BQ,” revealed a typical sloping voltage profile, only a
limited number of POPs have exhibited apparent charge—
discharge plateaus. The observed plateaus for charge—
discharge curves of rPOPs without an obvious nonzero
slopin§ being comparable to or more flat than Tp-PTO-
COF*® and BT-PTO-COF,”® offers a stable voltage output,
which should be helpful to practical applications. The major
capacity contribution was observed between the voltage range
of 1.0 and 0.6 V, which is about 68% of the total capacity of the
rPOP at 0.1 A g~". The long-term cycling stability of rPOP was
investigated at a current density of 1 A g~' up to 1000 cycles
with 95% of retention of its initial capacity (Figure S13a). It
also maintains nearly 100% Coulombic efficiency (CE)
throughout the cycles, proving the cells’ long-term durability
and high capacity retention. The cycling stability of the cells
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was also tested for ultralong cycling at a current density of 2.0
A g~'. After 30 000 cycles, it maintains about 66% of the initial
capacity (40 mAh g') while preserving the high CE (Figures
4d and S13c). As summarized in Figure 4e and Table S2, rPOP
shows slightly lower specific capacities compared to other
recently reported polymeric cathodes. rPOP delivers reason-
ably high capacities compared to quinone containing small
organic compound-based cathodes that suffer from high
solubility of their discharged products in aqueous electrolytes
and poor conductivity. Compared with the other organic
cathodes (Figure 4e and Table S2), rPOP provides an
ultralong cycle life with high capacity retention and a flat
discharge plateau, which are particularly important for practical
applications.

The electrochemical performance of 1,4,5,8-anthracenete-
trone (monomer of rPOP) was tested in aqueous ZIBs as a
cathode material. Figure S14a shows the CV cycle of 1,4,5,8-
anthracenetetrone at a scan rate of 2.0 mV s in the potential
range of 0.1—1.6 V, which displays two oxidation peaks at 1.09
and 1.22 V and three reduction peaks at 0.48, 0.74, and 0.95 V,
suggesting the oxidation/reduction reactions of quinone
moieties. Compared to the rPOP cathode, 1,4,5,8-anthracene-
tetrone shows low specific capacities and rate performance
(Figure S14b,c). It provides specific capacities of 57, 48, and
31 mAh g_1 at current densities of 0.1, 0.2, and 0.5 A g_l,
respectively. 1,4,5,8-Anthracenetetrone shows poor cycling
stability compared to rPOP cathode and shows a specific
capacity of only 28 mAh g~" at a current density of 1.0 A g™
over 1000 cycles with 82% capacity retention, which can be
attributed to the solubility of its discharging product (Figure
S14d). The dissolution of the rPOP electrode was tested by
immersing the pristine, the discharged (0.1 V), and the
charged (1.6 V) electrodes in 1 M ZnSO, electrolyte for 36 h.
As depicted in Figure S15, the rPOP remained insoluble in the
electrolyte even in a completely discharged state (0.1 V). rPOP
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Figure S. In/ex situ charge storage mechanism characterization of rPOP. (a) Ex situ FT-IR spectra of rPOP at pristine, charged, and discharged
states. (b, c) In situ XRD analysis of rPOP recorded at various electrochemical states. (d) SEM images and EDX elemental mapping of pristine,
charged, and discharged states for the elements of carbon (C), oxygen (O), zinc (Zn), and sulfur (S). Zn 2p (e) and S 2p (f) high-resolution XPS

spectra of rPOP at pristine, charged, and discharged states.

cathodes have high electrochemical stability in rechargeable
aqueous batteries.

The CV curves collected at different scan rates were also
used to explore the electrochemical kinetic features of rPOP
(Figure S12a). The distribution of faradaic/non-faradaic
charge storage was calculated using the power law relationship
(i = a’, where a and b are adjustable parameters, i is the
current, and v is the sweep rate). At b = 0.5, ionic diffusion is
thought to be the only controlling factor in the charge/
discharge process and implies an entirely diffusion-controlled
charge storage mechanism (faradaic process), while a value of
1 indicates capacitive controlled charge storage (non-faradaic
process). In this respect, it can be possible to estimate the
kinetics of the electrode reactions from the b values, which are
derived from the linear slope of logi vs log v (Figure S12¢,d).
The b value of the four distinctive redox peaks of rPOP at 0.35,
0.68, 0.83, and 0.95 V equals 0.94, 0.82, 0.75, and 0.82,
respectively. The found b values suggest that rPOP is
influenced by both diffusive and capacitive charge storage
mechanisms. Although the b values higher than 0.8 indicate the
larger contribution of the capacitive process over the diffusive-
controlled charge storage mechanism, rPOP has lower b values
than other quinone-containing POPs,*>! suggesting a more
significant contribution of diffusion-controlled ion insertion.

The equation [i(V) = kv + kyv'/?] proposed by Dunn and
co-workers was used to calculate the faradaic and non-faradaic
contributions quantitatively.”” The equation divides the
current into two components: capacitive current (kv) and
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diffusion-controlled current (k,v"/%) at a given voltage. The k;
and k, values can be calculated by plotting i/v'/* vs v"/% At
sweep rates of 0.1, 0.2, 0.5, 1.0, and 2.0 mV s}, the capacitive
and diffusion-controlled contributions in all potential ranges
were calculated and highlighted in the CV curves (Figure
S16a—e). The corresponding capacitive contribution values for
scan rates of 0.1, 0.2, 0.5, 1.0, and 2.0 mV s~ are 28, 35, 46, 55,
and 63%, respectively, as shown in Figure S16f, suggesting a
rise in capacitive contribution with increasing discharge and
charge rates. rPOP has a much more significant diffusive-
controlled charge storage contribution than recently reported
POP-based cathodes, like PA-COF,”’ G-Aza-CMP,” and
HAQ-COF® (a detailed comparison is shown in Table S2).

The charge storage mechanism of the rPOP cathode was
studied using a variety of ex situ and in situ measurements. FT-
IR spectroscopy was used to investigate the active sites for ion
accommodation in rPOP. As shown in Figure Sa, a significant
decrease in the carbonyl stretching band (C=O, quinone
moieties located at around 1700 cm™') was observed in the
FT-IR spectrum of the discharged electrode (0.1 V),
confirming that the quinone groups are responsible for the
accommodation of ions. After charging to 1.6 V, the intensity
of the carbonyl stretching peak was restored, and the charged
electrode was thus back to the “pristine state”, showing not
only the removal of ions from the quinone units but also the
reversible enolization of carbonyl moieties of rPOP during the
charging and discharging.
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Previous studies have shown that the electrochemistry at the
cathode side does not only involve the Zn>* ions but also that
protons (H*) function as charge carriers in slightly acidic
electrolytes.”>*#?%2%3059395%  Accommodating H* ions by
carbonyl units during the discharge process leads to a local
pH increase, which promotes the precipitation of zinc hydroxy
sulfate [Zn,SO,(OH)4nH,0] as a byproduct on the cathode
surface. Thus, the reversible H* co-(de)insertion can be
followed by the precipitation and dissolution of zinc hydroxy
sulfate on the cathode surface during discharging and charging,
respectively.

To probe the charge storage mechanism and follow the
reaction byproducts, specifically [Zn,SO,(OH)4nH,0], an in
situ XRD analysis was carried out. As shown in Figure Sc, the
characteristic peaks of zinc hydroxy sulfate [Zn,SO,(OH)¢
SH,0] were observed in the in situ XRD spectra. The
electrode shows relatively weak XRD signals in charged
compared to discharged states, which clearly shows reversible
precipitation and dissolution of Zn,SO,(OH)sSH,O during
the discharging and charging processes. The incomplete
disappearance of the XRD signal belonging to
Zn,SO,(OH)4SH,O for the fully charged state suggests that
a tiny quantity of Zn,SO,(OH)¢SH,O remains in the
electrode after recharging. In addition, the SEM image of
electrodes in the discharged state revealed tiny sheet-like
structures, a typical morphology of Zn,SO,(OH)4 SH,O, over
the electrode surface (Figure 5d). EDX mapping analysis was
carried out at the same region and revealed the uniform
distribution of sulfur and zinc throughout the surface; however,
their content significantly decreased after the charging process,
which is attributed to the reversible precipitation and
dissolution of Zn,SO,(OH)¢SH,0 (Figure Sd). The EDX
mapping of Zn and S elements shows tiny residual areas of
Zn,SO,(OH)4-SH,0, which is in good agreement with in situ
XRD analysis.

Further evaluation of the reversible insertion/de-insertion of
the Zn*>"/H" ions to rPOP cathodes was carried out using ex
situ XPS analysis. The high-resolution Zn 2p and S 2p XPS
spectra of the discharged electrode (0.1 V) show relatively
stronger signals compared to the charged electrode (1.6 V),
which can be ascribed to the formation and dissolution of
Zn,SO,(OH)4-SH,0, suggesting the reversible co-(de)-
insertion of H* ions (Figure Se,f). The S 2p spectrum of the
charged electrode shows a weak signal, indicating that some
sulfur remains in the electrode as a partial residue due to the
incomplete dissolution of Zn,SO,(OH)sSH,0 during the
charging progress. This result agrees with the XRD analysis
and EDX mapping, suggesting the trapping of some H" ions
after insertion. While rPOP shows good cyclic stability up to
30000 cycles, the slight gradual capacity loss of rPOP can be
attributed to the trapped H* ions, which stimulates the gradual
accumulation of the Zn,SO,(OH),SH,O on the electrode
surface.

Electrochemical measurements were performed to explore
further the contribution of H' (de)insertion along with Zn**
ions. A cell was assembled using S X 107> M H,SO, (aq)
electrolyte solution, which provides similar proton activity with
ZnS0O, (aq), in which rPOP and zinc foil was used as cathode
and anode, respectively. From the CV curves, the 1 M
ZnSO, (aq) reveals the merging of peaks, associated with pure
Zn*" and H' (de)insertion, as a broad oxidation peak at 0.95 V
and three reduction peaks at 0.35, 0.68, and 0.83 V, indicating
Zn*" and H* co-(de)insertion process (Figure S17). However,
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comparing the CV curve areas of 1 M ZnSO, (aq) and § X
107> M H,SO, (aq) indicates that Zn** dominates the charge
storage process and H' partially contributes to the electro-
chemical performance. The cell prepared using S X 107° M
H,SO, (aq) electrolyte showed a 17% capacity contribution at
a scan rate of 2.0 mV s™' originating from H* co-(de)insertion.

B CONCLUSIONS

rPOP containing redox-active quinone groups was proposed as
a new organic cathode for rechargeable aqueous ZIBs. The
Diels—Alder reaction approach was used to create rPOP under
heavy-metal-free conditions. Its high porosity permits charge
carriers (Zn**/H") to diffuse effectively through the pores
during charging—discharging cycles, allowing for the efficient
utilization of redox-active quinone units. The material’s fused-
aromatic conjugated skeleton also provides good physicochem-
ical stability and increased intrinsic conductivity. These
teatures of rPOP allow a superlong cycle life without
compromising capacity and rate performance. It has a
reversible specific capacity of 120 mAh g™' at 0.1 A g™!
current density and cyclic stability up to 30 000 cycles (at 2.0 A
g™") with good initial capacity retention (66%). The charge
storage mechanism was thoroughly investigated, and the redox
activity of quinone moieties and co-(de)insertion of Zn** and
H' ions were found by electrochemical measurements and ex/
in situ analysis. We suggest this study will open up new
avenues for designing and synthesizing novel polymeric
materials for developing high-performance rechargeable
aqueous ZIBs.
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