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ABSTRACT: Regulating the molecular/electrolyte interface is
crucial for improving aqueous zinc-ion batteries (AZIBs),
particularly for organic cathodes that often suffer from dissolution,
sluggish interfacial charge transfer, and insufficient cycling
stability. Herein, inspired by the C=N zinc-storage sites in
phenazine-based cathodes, a fully conjugated pyrazine-linked
organic cathode, diquinoxalino[2,3-a:2’,3’-c]phenazine-1,7,13-triol
(DQPAT), was rationally designed to regulate molecular
aggregation and cation-binding interfaces. The fully conjugated
backbone integrated C=N sites and electrochemically activatable
C-O groups within an extended Tm-conjugated framework,
enabling multi-site Zn*/H* co-storage through reversible C=N/C-N
and C=0/C-O redox couples. The extended mr-conjugated
framework promoted intramolecular electron delocalization, while
ordered T—Tr stacking facilitated intermolecular charge transport
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and suppressed molecular dissolution at the electrode/electrolyte interface. Consequently, DQPAT delivered a high
capacity of 561 mAh-g" at 0.05 A-g" and retained 90.3% capacity after 20,000 cycles at 10 A-g”'. Notably, the
electrochemically oxidized state (0-DQPAT) reached its theoretical capacity under ultralow active-material loading,
confirming nearly complete utilization of a twelve-electron redox process. In situlex situ analyses and theoretical
calculations revealed a coupled Zn*/H* adsorption/desorption mechanism. This work demonstrated an interface-oriented

molecular design strategy for developing high-capacity and long-life organic cathodes in AZIBs.

KEYWORDS: aqueous zinc-ion batteries, interfacial charge storage, —1 stacking, cation binding, organic cathode

1 Introduction

With the rapid development of renewable energy technologies and
portable electronic devices, safe, low-cost, and environmentally
benign energy-storage systems are urgently required [1]. Although
lithium-ion Dbatteries have been widely commercialized, their
further development is constrained by uneven resource
distribution, high cost, and safety concerns associated with organic
electrolytes [2]. In this context, aqueous batteries based on
multivalent metal ions have emerged as promising candidates for
next-generation sustainable energy storage [3]. Among them,
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aqueous zinc-ion batteries (AZIBs) have attracted considerable
attention owing to the high theoretical capacity (820 mAh-g”),
natural abundance, low cost, and intrinsic safety of zinc
metal [4-6].

Cathode materials are critical to determining the capacity, rate
capability, and cycling stability of AZIBs. Conventional inorganic
cathodes, including manganese-based oxides (7], vanadium-based
oxides [8], and Prussian blue analogs [9], generally deliver
considerable capacities but often suffer from structural degradation,
metal dissolution, and sluggish reaction kinetics [10, 11]. In
contrast, organic cathode materials offer structural tunability [12],
adjustable  theoretical ~capacity [13], and environmental
compatibility [14]. However, their practical application is strongly
governed by interfacial processes, including molecular dissolution
at the electrode/electrolyte interface, ion adsorption/desorption at
redox-active sites, and interfacial charge transfer [15]. Therefore,
developing organic cathodes with low solubility, high conductivity,
accessible cation-binding interfaces, and multiple redox-active sites
is essential for advancing aqueous organic zinc-ion batteries.
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Recently, phenazine-based organic cathodes have received
increasing attention because their nitrogen-containing conjugated
frameworks and C=N active sites provide favorable interfacial
binding sites for reversible Zn* storage. Previous studies have
demonstrated that C=N bonds can act as Zn**-binding sites, while
reducing peripheral hydrophilic groups helps suppress molecular
dissolution in aqueous electrolytes [16]. Moreover, molecular
engineering strategies, such as extending n-conjugated frameworks
[17], regulating electronic structures [18], and increasing the
number of active sites [19], have effectively improved the capacity,
rate performance, and cycling stability of phenazine derivatives.
Nevertheless, simultaneously achieving high capacity, rapid
interfacial kinetics, and long-term structural stability remains
challenging.

Inspired by these advances, we designed a fully conjugated
pyrazine-linked organic cathode material, diquinoxalino[2,3-a:2’,3’-
c]phenazine-1,7,13-triol (DQPAT), by focusing on the regulation of
molecular aggregation and cation-binding interfaces. The design
followed an interface-oriented logic. First, the fully conjugated
pyrazine-linked backbone and extended m-conjugated framework
promoted electron delocalization and interfacial charge transfer.
Second, the C=N sites and electrochemically activatable C-O
groups provided multiple redox-active sites for Zn*/H" binding.
Third, the symmetric molecular configuration promoted ordered
n-t stacking, which stabilized molecular packing and suppressed
active-material dissolution at the electrode/electrolyte interface.
Benefiting from these synergistic structural features, DQPAT
delivered a high specific capacity of 561 mAh-g" at 0.05 A-g" and
retained 90.3% of its capacity after 20,000 cycles at 10 A-g.
Furthermore, in situ/ex situ characterizations combined with
theoretical calculations revealed that the electrochemically oxidized
state (0-DQPAT) served as the effective charged state for a coupled
Zn*/H* co-storage mechanism involving a twelve-electron redox
process. These results demonstrated that regulating cation—organic
interfacial interactions through molecular conjugation and m-mt
stacking can improve active-site utilization, reaction kinetics, and
cycling stability in organic AZIB cathodes.

2 Experimental section

2.1 Materials

Hexaketocyclohexane octahydrate (HKCO, > 99%) was purchased
from Aladdin. 2,3-Diaminophenol (DA, > 97%) was purchased
from Tansoole. Acetic acid (analytical reagent (AR)) was purchased
from China National Pharmaceutical Group Corporation. All
reagents were used without further purification.

2.2 Synthesis of DQPAT

The synthesis of DQPAT was carried out via a modified procedure
based on previously reported methods [20]. Typically, HKCO
(0.18 g, 1 mmol) was dissolved in 50 mL acetic acid under uniform
stirring. After that, DA (0.22 g, 3 mmol) was added to the above
solution. The resultant suspension was heated under reflux for 12 h
and then collected by vacuum filtration, accompanied by washing
several times with hot acetic acid, ethanol, and water, respectively.
Finally, the product (yield 70%) was purified by Soxhlet extraction
with ethanol and dried under vacuum at 30 °C overnight.

2.3 Characterization

The morphology of the sample was characterized by scanning
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electron microscope (SEM, Regulus 8230) and transmission
electron microscopy (TEM, JEM2100). The compositions and
chemical structures of the samples were characterized by X-ray
photoelectron spectroscopy (XPS, Axis Ultra DLD Kratos AXIS
SUPRA), X-ray diffraction (XRD, D2 PHASER), Fourier-transform
infrared spectroscopy (FT-IR, Thermo Scientific Nicolet IS5,
400-4000 cm™), and 'H nuclear magnetic resonance spectroscopy
(‘H NMR, Bruker Avance 400). Ultraviolet-visible (UV-vis)
spectra of samples were measured using a UV-vis diffuse reflection
spectrometer (SPECORD 210). Thermogravimetric analysis (TGA)
was performed on a thermogravimetric analyzer (STA449 F5) at a
heating rate of 5 °Cmin™'. Specific surface areas were calculated
using the Brunauer-Emmett-Teller (BET) method, and pore-size
distributions were analyzed using the Barrett-Joyner-Halenda
(BJH) model. Raman spectra were collected using a Raman
spectrometer (HORIBA Jobin Yvon) with an excitation wavelength
of 532 nm.

24 Electrochemical measurements

DQPAT, Ketjen black (KB), and polyvinylidene fluoride (PVDEF)
were mixed at a mass ratio of 6:3:1 and ground together, and the
resulting mixture was dispersed in 2-3 mL of N-methyl-2-
pyrrolidone (NMP). The mixture was then uniformly coated onto a
carbon cloth current collector, and the DQPAT electrode was dried
at 60 °C for 2 h to prepare the working electrode. The mass loading
of the active material was 1-2 mg-cm™ High-loading electrodes
with DQPAT mass loadings of 3-7 mg-cm™ were fabricated using
the same procedure. CR2032 coin cells were assembled using 2 M
ZnSO, as the electrolyte, glass fiber as the separator, and a metallic
zinc sheet as the counter electrode. Cyclic voltammetry (CV)
measurements were carried out over a voltage range of 0.2-1.6 V
vs. Zn*/Zn at scan rates of 0.1-0.5 mV-s" using a CHI660E
electrochemical ~ workstation.  Electrochemical  impedance
spectroscopy (EIS) measurements were carried out on a
PARSTAT?2273 electrochemical workstation with an amplitude of
5 mV over a frequency range of 107'-10° Hz. The galvanostatic
charge/discharge cycling and the galvanostatic intermittent titration
technique (GITT) tests were carried out using the NEWARE
(5 V/10 mA, Shenzhen, China) battery test system in an
appropriate voltage range.

2.5 Density functional theory (DFT) calculation

Isochemical shielding surface (ICSS), localized orbital locator-mt
(LOL-m), average local ionization energy (ALIE), and interaction
region indicator (IRI) analyses were performed using Multiwfn.
The electrostatic potential (ESP) distributions and optimized
molecular geometries were calculated using Becke’s three-
parameter exchange functional [21] combined with the
Lee-Yang-Parr correlation functional (B3LYP) [22], Grimme’s
DFT-D3(BJ) [23] dispersion correction, and the def2-SVP basis set.
The single-point energy was calculated for the optimized geometry
with B3LYP/def2-TZVP using the solvation model based on
density (SMD) with water as the solvent. All molecular geometries
were optimized, and frequency calculations confirmed the absence
of imaginary frequencies. The DFT calculations were performed
using the Gaussian 16 program.

3 Results and discussion

3.1 Physicochemical properties
The molecular structure of the fully conjugated pyrazine-linked

B) 72w | Sci@pen
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DQPAT was first verified to confirm the designed conjugated
backbone. DQPAT was synthesized via a condensation reaction
between HKCO and DA (Fig. 1(a)). High-resolution mass
spectrometry showed an observed mass-to-charge ratio (m/z) value
of 433.1042, which matched the calculated value of 433.10 for
[C,H,NO, + H]* (Fig. S1 in the Electronic Supplementary
Material (ESM)). FT-IR spectroscopy further verified the formation
of the target structure (Fig. 1(b)). The broad band at 3500-
3200 cm™ was assigned to O-H stretching and adsorbed H,O, while
the peak at 1229 cm™ corresponded to C-O stretching. The newly
formed peak at 1617 cm™ was attributed to C=N stretching,
confirming the formation of the pyrazine ring [24]. Raman
spectroscopy was used to further probe the conjugated framework
(Fig. S2 in the ESM). The peaks at 1372 and 1404 cm™ were
associated with C-OH-related vibrational modes, while the peak at
1516 cm™ corresponded to the G-band-like vibration of the
conjugated carbon framework [25]. XPS spectrum confirms the
elemental composition and bonding states of DQPAT. The survey
spectrum showed the presence of C, N, and O elements (Fig. S3 in
the ESM), and the high-resolution C 1s, N 1s, and O 1s spectra
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confirmed the characteristic signals of C=N, C-N, and C-O bonds
(Fig. $4 in the ESM) [26], verifying the successful reaction
between HKCO and DA [27]. In addition, the —n* satellite peak at
288.6 eV further supported the aromatic conjugated structure of
DQPAT [28].

After confirming the molecular structure, the aggregation
behavior and interface-stabilizing features of DQPAT were
investigated. N, adsorption—-desorption analysis showed an average
pore diameter of 18.2 nm, confirming the mesoporous structure of
DQPAT (Fig. S5 in the ESM). SEM images revealed a hierarchical
flower-like micro/nanostructure assembled from one-dimensional
rod-like units (Fig. 1(c)), which provided accessible ion-transport
pathways, improved electrolyte wettability, and enhanced active-site
accessibility. XRD patterns show distinct diffraction peaks (Fig. S6
in the ESM), suggesting a certain degree of molecular ordering in
DQPAT [29]. This ordered structure was likely associated with the
planar extended m-conjugated backbone and intermolecular m-mt
stacking interactions, which promoted molecular ordering. TEM
images revealed locally layered aggregation but no clear lattice
fringes (Fig. S7 in the ESM), suggesting ordered molecular
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Figure1 (a) Synthesis process of DQPAT. (b) The FT-IR spectra of DQPAT sample. (c) SEM images of DQPAT. (d) Plot of the density gradient decreasing with
sign(A,)p. Here, A, is the second eigenvalue of the Hessian matrix of the electron density, p is the electron density, and sign(A,)p is the electron density multiplied by the
sign of A,. (¢) LUMO/HOMO energy levels. (f) Simulated ESP distributions of DA and DQPAT.
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aggregation in DQPAT. The IRI isosurface displayed multiple sharp
peaks between —0.01 and 0 (Fig. 1(d)), confirming r—m interactions
between DQPAT molecules [30]. Together, the XRD, TEM, and
IRI results indicated that m-m interactions were considered to
contribute to locally ordered molecular packing, which helped
stabilize the electrode framework and facilitate charge/ion transport.
Energy dispersive X-ray spectroscopy (EDS) mapping showed a
uniform elemental distribution (Fig. S8 in the ESM). TGA showed
that DQPAT possessed good thermal stability under both air and
nitrogen atmospheres (Fig. S9 in the ESM), with only 12.6% mass
loss at 400 °C in air. Solubility tests and UV absorption spectra
confirmed the low dissolution of DQPAT in the electrolyte, which
was attributed to its extended rt-conjugated framework and strong
intermolecular m—m stacking interactions (Figs. S10 and S11 in the
ESM) [31]. This suppressed dissolution further supported the
improved cycling stability.

To further clarify the structure-performance relationship, DFT
calculations were performed for DQPAT and DA. As shown in
Fig. 1(e), DQPAT (-3.14 eV) showed a much lower lowest
unoccupied molecular orbital (LUMO) energy level than DA
(0.61 eV), indicating stronger electron affinity and electron-
accepting ability [19]. Its highest occupied molecular orbital
(HOMO)-LUMO gap (3.15 eV) was also smaller than that of DA

(524 eV), suggesting more favorable electronic transitions and
charge transport [32]. Consistently, UV-vis diffuse reflectance
spectra showed a narrower optical bandgap for DQPAT (2.31 eV)
than DA (2.82 eV, Fig. S12 in the ESM). ESP analysis revealed
electron-rich regions around the N and O atoms of DQPAT
(Fig. 1(f)), which provided favorable sites for cation interaction and
redox reactions [33]. These results suggested that the extended m-
conjugated framework endowed DQPAT with a favorable
electronic structure, improved charge-transport capability, and
enhanced redox activity, thereby supporting its excellent
electrochemical performance [34].

3.2 Electrochemical performance

On the basis of the above structural advantages, the electrochemical
performance of DQPAT was evaluated as an organic cathode for
AZIBs. AZIBs were assembled using DQPAT as the cathode, Zn
foil as the anode, and 2 M ZnSO, as the electrolyte. No additional
pre-activation treatment was applied to the DQPAT electrode
before routine electrochemical testing. As shown in Fig. 2(a),
DQPAT exhibited a higher redox current response and a larger CV
area than DA at 0.5 mVs”, indicating enhanced interfacial redox
activity and charge-storage capability. At a current density of
0.05 A-g"', DQPAT delivered a high initial discharge capacity of
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Figure2 (a) CV curves of the DQPAT and DA cathodes at 0.5 mV-s™. (b) Rate capability of the DQPAT and DA cathodes. (c) GCD curves of the DA cathode. (d) Long-
term cycling stability of the DQPAT and DA cathodes at 10 A-g™. (¢) GCD curves of the DQPAT cathode. (f) EIS plots of the DQPAT and DA cathodes (inset represents
the equivalent circuit). (g) Ragone plots of energy density and power density. (h) Comparison of the capacities and energy densities between the DQPAT electrode and

recently reported organic cathodes.
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561 mAh-g”, which was markedly superior to that of DA (Fig. S13
in the ESM). The charge/discharge profiles of DQPAT remained
well preserved with gradual capacity decay and no obvious voltage
drop, whereas DA showed lower capacity and more pronounced
fading (Fig. S14 in the ESM). The improved performance was
attributed to the integrated effects of the extended m-conjugated
framework, multiple redox-active sites, and ordered m-stacked
molecular packing, which jointly facilitated charge transport, cation

storage, and structural stability during cycling.

The rate and long-term cycling results further confirmed the
effectiveness of this interface-oriented molecular design. As shown
in Fig. 2(b), DQPAT delivered higher capacities than DA at all
tested current densities, with discharge capacities of 413, 367, 331,
304, 280, 234, and 169 mAh-g' from 0.1 to 10 A-g". When the
current density was returned to 0.1 A-g”, the capacity recovered to
its initial level, indicating good reversibility and consistent charge-
storage behavior (Figs. 2(c) and 2(e)). At 10 A-g™", DQPAT retained
10548 mAh-g* after 20,000 cycles from an initial capacity of
116.86 mAh-g", corresponding to 90.3% capacity retention and
nearly 100% Coulombic efficiency (Fig. 2(d)), whereas DA showed
rapid fading after 5500 cycles. To exclude the contribution from
conductive carbon, a KB/PVDF control electrode was tested under
the same conditions. As shown in Fig. S15 in the ESM, after
subtracting the contribution from KB, DQPAT still delivered high
specific capacities of 400, 356, 321, 294, 271, 226, and 161 mAh-g"

behavior arose from the highly conjugated n-electron system within
the DQPAT molecular framework, which promoted electron
delocalization and accelerated redox reaction Kinetics
Moreover, DQPAT achieved a maximum energy density of
623 Whkg™ at 80 Wkg", exceeding that of DA under the same
conditions (418 Wh-kg™, Fig. 2(g)).

High-loading electrodes were typically limited by sluggish
electron/ion transport and increased internal resistance, leading to

[35].

inferior electrochemical performance [36]. Therefore, achieving

conditions.

at current densities of 0.1, 0.2, 0.5, 1, 2, 5, and 10 A-g", respectively.

The superior cycling stability was mainly attributed to the strong
n-n stacking of DQPAT, which suppressed active-material
dissolution and stabilized the electrode/electrolyte interface. EIS
measurements were performed at open-circuit voltage before
cycling, and the fitted charge transfer resistance (R,) values of
DQPAT and DA were 82 and 130 (), respectively (Fig. 2(f)). The
lower R, of DQPAT confirmed its faster interfacial charge-transfer
behavior (Table S1 in the ESM). This improved charge-transfer
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3.3 Redox kinetics

As discussed above, the excellent electrochemical performance of
DQPAT was closely related to its favorable interfacial charge-
transfer kinetics. To verify this relationship, CV curves were
recorded at scan rates of 0.1-0.5 mV-s™ (Fig. 3(a)). The redox peaks
showed only slight potential polarization, suggesting favorable
redox kinetics and charge-transfer behavior. Further calculations
were performed based on the relationship between the peak current
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high performance at high mass loading was crucial for practical
AZIB applications and requires favorable conductivity and reaction
kinetics [37]. Since DQPAT outperformed most reported organic
cathodes under conventional loading (Table S2 in the ESM and
Fig. 2(h)), its performance was further evaluated at higher mass
loadings of 3-7 mg-cm™. As shown in Fig. S16 in the ESM, DQPAT
electrodes maintained good cycling stability at different mass
loadings and current densities. Notably, at 7 mg-cm?, DQPAT
delivered 249 mAh-g* at 0.5 A-g" and retained 78% of its initial
capacity after 100 cycles, corresponding to 195 mAh-g™. At a mass
loading of 7 mg-cm?, the DQPAT electrode delivered an initial
areal capacity of approximately 1.74 mAh.cm™ and retained
approximately 1.37 mAh-cm™ after 100 cycles, demonstrating its
favorable performance under high-loading conditions. These results
indicated that the conjugation- and stacking-regulated interface
design remained effective even under practical high-loading

/\ 0.5 mv-s™!
— ——
89.9%

| Capacitive contribution

03

06 09 12
Voltage (V vs. Zn/Zn*")
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Rest: 24 h

Capacity retention:
88.2%

15 30 35

Time (h)

Figure3 (a) CV curves of the Zn//DQPAT battery at different scan rates. (b) b values of DQPAT were calculated by linearly fitting the log current versus the log scan
rate. (c) Capacitance contribution at different scan rates. (d) Current separation due to capacitance (yellow area) and diffusion (white area) for the Zn//DQPAT battery at
ascan rate of 0.5 mV-s™. (e) GITT of the Zn//DQPAT battery. (f) Self-discharge behavior of the Zn//DQPAT battery.
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(1) and the scan rate (v) according to Eq. (S4) in the ESM. The fitted
kinetic parameter (b) values were 0.96, 0.98, 0.95, 0.94, 0.96, and
0.87, respectively (Fig. 3(b)), indicating that charge storage was
mainly governed by surface-controlled capacitive behavior. This
pseudocapacitive-dominated process was consistent with the
accessible cation-binding interface and promoted fast Zn*/H*
storage kinetics.

The capacitive and diffusion-controlled contributions were
further quantified from CV curves at different scan rates. The
capacitive contribution increased with scan rate and reached 89.9%
at 0.5 mV-s" (Figs. 3(c) and 3(d)), explaining the excellent rate
capability of DQPAT. GITT was then used to evaluate the apparent
ion-transport kinetics in the DQPAT electrode, and the ion
diffusion coefficients calculated from Eq. (S5) in the ESM were
10°-10" cm*s™ (Fig. 3(e)), indicating rapid ion transport within
the electrode. In addition, the Zn//DQPAT battery retained 88.2%
of its capacity after being charged and rested for 24 h (Fig. 3(f)),
demonstrating good structural stability and low solubility,
consistent with the UV-vis results. These kinetic results linked the
molecular design to fast interfacial redox reactions and stable
charge storage.

34 Charge storage mechanism

To elucidate the interfacial charge-storage mechanism of DQPAT,
in situlex situ characterizations were performed at different
charge/discharge states (Fig. 4(a)). Ex situ FT-IR spectra showed
that the intensities of C=N and C=0 decreased during discharge,
while those of C-N and C-O increased, indicating cation insertion
and binding at redox-active sites (Fig. 4(b)). In the O 1s XPS
spectra, pristine DQPAT showed C-O (532.5 eV) and weak C=0
(531.1 eV) signals (Fig. 4(c)), the latter suggesting slight oxidation
[38]. Some C-OH groups in DQPAT could be oxidized to C=0
groups through electron transfer, similar to the electrochemical
oxidation behavior of phenols reported previously [39]. After
discharge, the O 1s peaks shifted to lower binding energies, which
was attributed to increased electron density around oxygen atoms
induced by cation binding [40]. The mass spectrometry results after
electrochemical activation also supported the formation of oxidized
DQPAT-related species, providing additional evidence for the
oxidation/activation process (Fig. S17 in the ESM). After charging,
the C=0 component became dominant, indicating the formation of
the oxidized DQPAT state (0-DQPAT). To clarify the activation of
C-OH groups, differential capacity (dQ/dV, where Q is the charge
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Figure4 (a) Charge/discharge voltage profiles of DQPAT cathode. (b) Ex situ FT-IR of the DQPAT cathode during the charge/discharge processes. Ex situ high-
resolution XPS spectra of (c) O 1s, (d) N 1s, and (e) Zn 2p for the DQPAT electrode at different charge/discharge states. (f) I situ Raman spectra of the DQPAT cathode
during the charge/discharge processes. (g) I situ XRD patterns. (h) CV curves and (i) charge/discharge profiles.
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capacity and V is the cell voltage) testing was performed using DA
alone (Fig. S18 in the ESM). A strong oxidation peak appeared at
1.3 V during the first cycle and gradually weakened in the
subsequent cycles, confirming an irreversible electrochemical
activation process involving the conversion of C-OH groups into
C=0 groups. The initial oxidation of C-OH to C=0 served as an in
situ activation process, generating additional C=O/C-O redox sites
and enhancing the subsequent reversible capacity; this process was
also responsible for the slight fluctuations in the initial capacity and
Coulombic efficiency. After this activation, o-DQPAT was regarded
as the effective charged state, and the generated C=0/C-O redox
couple participated reversibly in the subsequent charge-storage
process. Similarly, the C=N/C-N signals in the N 1s spectra
exhibited reversible changes comparable to those of C=0/C-O
(Fig. 4(d)). After charging to 1.6 V, both C=N/C-N and C=0/C-O
signals recovered, confirming the reversible evolution of C=N and
C=0 as cation-storage sites [41, 42]. The reversible variation of Zn
2p signals further confirmed reversible Zn storage in DQPAT
(Fig. 4(e)) [43].

In situ Raman spectroscopy was used to evaluate the structural
stability of DQPAT (Fig. 4(f)). During discharge, the increased
intensity ratio (I/I;, where I, represents D-band intensity and I;
represents G-band intensity) indicated reduced structural ordering
after Zn*/H* insertion (Fig. S19 in the ESM). Upon charging, the
Ip/1; ratio recovered to its initial value, indicating restoration of the
conjugated framework. The reversible change in the I,/I; ratio
suggested reversible modulation of the local conjugated structure
during Zn*/H" insertion/extraction [44]. These reversible structural
changes demonstrated the robust electrochemical stability of
DQPAT during cycling. The optical photographs and UV-vis
spectra of the electrolytes collected at different charge/discharge
states showed no obvious color change or characteristic absorption
peaks (Fig. S20 in the ESM), indicating negligible dissolution of
DQPAT during cycling and further confirming its structural
stability.

SEM-EDS was performed to track the elemental evolution of
DQPAT at different charge/discharge states (Fig. S21 in the ESM).
Only C, N, and O were detected in the pristine electrode, whereas
Zn and S signals appeared after full discharge and weakened after
charging, confirming reversible Zn* storage, consistent with the
XPS results. Together with the pH monitoring and XRD results, the
reversible S signal was associated with the reversible
formation/decomposition of basic zinc sulfate, supporting the
involvement of proton storage [45]. To further verify H*
involvement, the pH near the DQPAT cathode was monitored in
situ (Fig. S22 in the ESM). The pH increased during discharge and
recovered during charge, supporting reversible proton
insertion/extraction. In situ XRD patterns further confirm the
formation of Zn,SO,(OH),5H,0 during discharge, which almost
disappeared after charging (Fig. 4(g)), consistent with the SEM
results and indicating reversible proton storage [46]. These results
demonstrated a synergistic Zn*/H" storage mechanism in DQPAT.
CV  measurements in different electrolytes were further
conducted to distinguish the Zn* and H* contributions. DQPAT
showed clear redox peaks in 0.5 M Zn(OTE),/ACN (OTE:
trifluoromethanesulfonate and ACN: acetonitrile), H,SO,/H,O, and
2 M ZnSO/H,O electrolytes, while the largest CV area was
obtained in 2 M ZnSO,/H,0 (Fig. 4(h)), confirming the synergistic
contribution of Zn* and H*. To exclude the possible influence of
Zn* generated from Zn corrosion in H,SO, electrolyte, a Zn-free
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three-electrode CV measurement was further performed using Pt as
the counter electrode (Fig. $23 in the ESM). The DQPAT electrode
still exhibited clear redox responses in H,SO,, confirming that H*
participation was not caused by Zn* generated from the Zn anode.
The corresponding dQ/dV profiles further indicated that both Zn**
and H participated in the three redox steps (Fig. S24 in the ESM).
The charge-discharge curves obtained in Zn*-dominated and H*-
dominated electrolytes suggested that both Zn* and H* were
involved in the charge-storage process (Fig. 4(i)). To estimate the
capacity contributions of Zn* and H, inductively coupled plasma
optical emission spectroscopy (ICP-OES) was performed on the
discharged DQPAT electrode to analyze the Zn and S contents.
Based on the quantitative analysis, the estimated capacity
contributions of Zn** and H* were 43.4% and 56.6%, respectively
(see the ESM for details). Thus, the experimental mechanism
analysis connected the activated C=N/C=0 redox sites with the
coupled Zn*/H" interfacial storage process.

3.5 Theoretical calculation

As discussed above, the in situ and ex situ characterization results
confirmed the n-type interfacial storage mechanism of DQPAT,
involving reversible Zn*/H* co-storage during discharge/charge.
Considering that pristine DQPAT was electrochemically activated
to 0-DQPAT during the initial charging process, o-DQPAT was
regarded as the effective charged state for the subsequent reversible
discharge reaction. To quantify the electron-transfer number in
each step, DQPAT//Zn batteries were assembled under an ultralow
current density and low active-material loading. Based on the
molecular weight of 0-DQPAT, the theoretical capacity for a twelve-
electron transfer process was calculated to be 679 mAh-g™. Under
ultralow active-material loading, the activated 0o-DQPAT cathode
reached this theoretical capacity, confirming nearly complete twelve-
electron utilization. Analysis of the dQ/dV and galvanostatic
charge-discharge (GCD) curves revealed three consecutive
reduction processes during discharge (Fig. S25 in the ESM). These
processes contributed approximately one-third of the total
discharge capacity each, corresponding to three successive four-
electron transfer steps and a total twelve-electron reaction. The well-
resolved redox peaks indicated that multiple redox-active sites in o-
DQPAT were effectively activated and participated in reversible
cation storage.

The n-type storage mechanism was further evaluated by
calculating the Gibbs free energy changes (AG) associated with
cation binding during discharge [47]. For clarity, the discharged
products derived from o-DQPAT were denoted as DQPAT_H,Zn,,
where x and y represent the numbers of bound H* and Zn*,
respectively. These species were optimized to identify the
energetically favorable intermediates and final product. ICSSzz
analysis showed a pronounced shielding region around the C=N
bonds, indicating enhanced electron delocalization and structural
stability (Fig. 5(a)). The LOL-m map further confirmed the highly
conjugated framework and efficient m-electron delocalization of
DQPAT (Fig. 5(b)), which favored rapid electron transfer [48].

ALIE analysis identified the C=N sites as the most reactive
regions, as they corresponded to the minimum values on the ALIE
surface (Fig. 5(c)). These sites therefore served as preferred Zn*/H*
binding sites [49]. Based on these results, Fig. 5(d) summarizes the
optimized stepwise Zn*/H" co-storage pathway during the
multistep redox process. As shown in Fig. 5(e), the calculated AG
values for cation binding were negative throughout discharge,
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confirming the thermodynamic feasibility of the process [50].
Starting from o-DQPAT, the discharged intermediates o-
DQPAT_H,Zn,, o-DQPAT_H,Zn,, and o-DQPAT_HZn, were
successively formed with increasing electron transfer, with AG
values of —1.90, —3.52, and —4.55 €V, respectively. The continuous
decrease in free energy indicated stable Zn*/H* binding and
efficient utilization of the active sites, with 0-DQPAT_H,Zn, being
the most favorable discharged product. The overall discharge
process can be expressed as

0-DQPAT +3Zn* +6H" +12¢” = 0-DQPAT_H,Zn, (1)

Therefore, 0-DQPAT underwent an n-type redox reaction with a
Zn*/H' co-storage mechanism. The extended n-conjugated
framework enabled rapid intramolecular electron delocalization,
while the planar configuration and n-n-stacked molecular packing
stabilized cation binding and interfacial charge transfer. Together
with the twelve-electron redox reaction, these features accounted
for the high-capacity and long-life electrochemical performance of
DQPAT.

4 Conclusions

In this work, a fully conjugated pyrazine-linked organic cathode
materia, DQPAT, was designed from an interface-oriented
molecular perspective for high-performance AZIBs. The molecular
design linked three key functions into one framework: The
extended mt-conjugated backbone promoted electron delocalization
and charge transport; the C=N sites and electrochemically
activatable C-O groups provided multiple cation-binding redox
sites; and the ordered m—m stacking interactions stabilized molecular
packing, suppressed active-material dissolution, and improved the
electrode/electrolyte interface. Benefiting from these synergistic
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advantages, DQPAT delivered a high specific capacity of
561 mAh-g” at low current density and stable cycling over 20,000
cycles at high current density. More importantly, after
electrochemical activation to 0-DQPAT, the cathode reached the
theoretical capacity associated with a twelve-electron transfer under
ultralow active-material loading. Kinetic and mechanistic analyses
revealed fast pseudocapacitive-dominated behavior, favorable ion
transport, and a synergistic Zn*/H® co-storage mechanism
involving a twelve-electron redox process. This work provided an
effective  strategy for regulating cation-organic interfacial
interactions through molecular conjugation and m-m stacking,
offering guidance for developing high-capacity and long-life organic
cathodes for AZIBs.

Electronic Supplementary Material: Supplementary material
(further details on the calculation of theoretical capacity, solid-state
UV-vis spectroscopy measurements, TEM measurements, and
Raman spectroscopy measurements) is available in the online
version of this article at https://doi.org/10.26599/NR.2026.
94909070.

Data availability

All data needed to support the conclusions in the paper are
presented in the manuscript and the Electronic Supplementary
Material. Additional data related to this paper may be requested
from the corresponding author upon request.

Acknowledgements

This work was supported by the Natural Science Foundation of
Inner Mongolia Autonomous Region (Nos. 2025MS02002 and

(B 7% 2 | Sci@pen


https://doi.org/10.26599/NR.2026.94909070
https://doi.org/10.26599/NR.2026.94909070
https://www.sciopen.com/article/10.26599/NR.2026.94909070
https://www.sciopen.com/article/10.26599/NR.2026.94909070
https://www.sciopen.com/article/10.26599/NR.2026.94909070
https://www.sciopen.com/article/10.26599/NR.2026.94909070
https://www.sciopen.com/article/10.26599/NR.2026.94909070
https://www.sciopen.com/article/10.26599/NR.2026.94909070
https://www.sciopen.com/article/10.26599/NR.2026.94909070
https://www.sciopen.com/article/10.26599/NR.2026.94909070

Nano Research | Vol. 19, No. 12

Wang et al.

2024MS02004) and the Inner Mongolia Autonomous Region Key
Research and Achievement Transformation Plan (No.
2025YFHHO0096).

Declaration of competing interest

All the contributing authors report no conflict of interests in this
work.

Author contribution statement

Q. Q. W.: Data curation, writing — original draft, writing — review &
editing. H. X. L.: Methodology, validation, formal analysis. X. J. S.:
Data curation. J. H. H.: Software. D. M. L.: Funding acquisition,
supervision. Z. Z. T.: Funding acquisition, project administration.
All the authors have approved the final manuscript.

Use of Al statement

None.

References

[1] Zhang, C. F.; Chou, S. L.; Guo, Z. P.; Dou, S. X. Beyond lithium-ion
batteries. Adv. Funct. Mater. 2024, 34, 2308001.

[2] Ma, X. T.; Azhari, L.; Wang, Y. Li-ion battery recycling challenges.
Chem 2021, 7, 2843-2847.

[3] Zheng, S. B.; Shi, D. J.; Yan, D.; Wang, Q. R.; Sun, T. J.; Ma, T.; Li,
L.; He, D.; Tao, Z. L.; Chen, J. Orthoquinone-based covalent organic
frameworks with ordered channel structures for ultrahigh performance
aqueous zinc—organic batteries. Angew. Chem., Int. Ed. 2022, 61,
e202117511.

[4] Xiao, F. Y.; Lin, H.; Zeng, L. X.; Fang, Y. X.; Liu, Y. Y.; Mu, Y. B;
Lu, Y.; Qian, Q. R.; Chen, Q. H.; Zhang, K. et al. Synergistic dual-
interface engineering of anode and cathode enabling high-
performance seawater-based Zn-halogen batteries. Adv. Mater. 2026,
38, €73130.

[5] Wang, Q. Q.; Li, H. X.; Sun, X. J.; Huang, J. H.; Li, D. M.; Tian, Z. Z.
Heteroatom-substituted phenazine-based pyridine isomers as high-
performance organic cathodes for aqueous zinc-ion batteries. Chem.
Eng. J. 2026, 545, 179863.

[6] Wang, D. H.; Li, Q.; Zhao, Y. W.; Hong, H.; Li, H. F.; Huang, Z. D.;
Liang, G. J.; Yang, Q.; Zhi, C. Y. Insight on organic molecules in
aqueous Zn-ion batteries with an emphasis on the Zn anode
regulation. Adv. Energy Mater. 2022, 12,2102707.

[7] Mo, F. N.; Liang, G. J.; Meng, Q. Q.; Liu, Z. X.; Li, H. F.; Fan, J.;
Zhi, C. Y. A flexible rechargeable aqueous zinc manganese-dioxide
battery working at —20 °C. Energy Environ. Sci. 2019, 12, 706-715.

[8] Zhang, Y.R.; Chen, A. B.; Sun, J. Promise and challenge of vanadium-
based cathodes for aqueous zinc-ion batteries. J. Energy Chem. 2021,
54, 655-667.

[9] Du, G. Y.; Pang, H. Recent advancements in Prussian blue analogues:
Preparation and application in batteries. Energy Storage Mater. 2021,
36, 387-408.

[10] Cui, H. L.; Ma, L. T.; Huang, Z. D.; Chen, Z.; Zhi, C. Y. Organic
materials-based cathode for zinc ion battery. SmartMat 2022, 3,
565-581.

[11] Sun, Q. Q.; Sun, T.; Du, J. Y.; Li, K.; Xie, H. M.; Huang, G.; Zhang,
X. B. A sulfur heterocyclic Quinone cathode towards high-rate and
long-cycle aqueous Zn—organic batteries. Adv. Mater. 2023, 35,
2301088.

[12]Lu, Y.; Zhang, Q.; Li, L.; Niu, Z. Q.; Chen, J. Design strategies
toward enhancing the performance of organic electrode materials in
metal-ion batteries. Chem 2018, 4, 2786-2813.

[13]Li, W. D.; Xu, H. Y.; Zhang, H. Y.; Wei, F. C.; Huang, L. Y.; Ke, S.

e

(& 727w | Sci@pen

94909070 (9 of 10)

Z.; Fu, J. W; Jing, C. B.; Cheng, J. G.; Liu, S. H. Tuning electron
delocalization of hydrogen-bonded organic framework cathode for
high-performance zinc—organic batteries. Nat. Commun. 2023, 14,
5235.

[14] Nguyen, T. P.; Easley, A. D.; Kang, N. R.; Khan, S.; Lim, S. M.;
Rezenom, Y. H.; Wang, S. Y.; Tran, D. K.; Fan, J. W.; Letteri, R. A.
et al. Polypeptide organic radical batteries. Nature 2021, 593, 61-66.

[15] Yin, R. J.; Xue, T.; Guan, J. P.; Mu, Y. B.; Song, M. R.; Wei, X. Y.;
Li, C.; Huang, J.; Ul Haq, M.; Chen, Z. T. et al. Emerging organic
cathodes and design strategies for aqueous zinc—organic batteries.
eScience, in press, DOI: 10.1016/j.es¢i.2026.100578.

[16] Zhang, H.; Xie, S. J.; Cao, Z. Y.; Xu, D. X.; Wang, L. P.; Fang, H. Y ;
Shen, J. F.; Ye, M. X. Extended m-conjugated system in organic
cathode with active C=N bonds for driving aqueous zinc-ion batteries.
ACS Appl. Energy Mater. 2021, 4, 655-661.

[17] Yang, J.; Hua, H. M.; Yang, H. Y.; Lai, P. B.; Zhang, M. H.; Lv, Z.
H.; Wen, Z. P.; Li, C. C.; Zhao, J. B.; Yang, Y. A high utilization and
environmentally sustainable all-organic aqueous zinc-ion battery
enabled by a molecular architecture design. Adv. Energy Mater. 2023,
13,2204005.

[18] Wang, R. M.; Zhang, Y.; Ma, C. B.; Wang, X. B.; Cai, M.; Du, H. P.;
Yang, Z.; Chao, D. L.; Wang, Y. Q. A high-voltage organic cathode
enabled by a continuous electronegativity zone in aqueous
zinc—organic batteries. Adv. Funct. Mater. 2025, 35, 2505318.

[19] Zhai, Y. M.; Ji, C.; Wang, R.; Ma, Q. W.; Zhang, L. H.; Li, H. B;;
Zhang, C. F.; Zhang, Q. Y. Fully conjugated anthraquinone-
quinoxaline derivative cathode enabling a superior Zn-ion storage at
extremely low temperature —50 °C. Adv. Energy Mater. 2025, 15,
2403011.

[20] Tie, Z. W.; Liu, L. J.; Deng, S. Z.; Zhao, D. B.; Niu, Z. Q. Proton
insertion chemistry of a zinc—organic battery. Angew. Chem., Int. Ed.
2020, 59, 4920-4924.

[21] Becke, A. D. Density-functional thermochemistry. III. The role of
exact exchange. J. Chem. Phys. 1993, 98, 5648-5652.

[22] Lee, C.; Yang, W. T.; Parr, R. G. Development of the Colle—Salvetti
correlation-energy formula into a functional of the electron density.
Phys. Rev. B 1988, 37, 785-789.

[23] Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and
accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010,
132,154104.

[24] Mao, M. L.; Luo, C.; Pollard, T. P.; Hou, S.; Gao, T.; Fan, X. L.; Cui,
C.Y.; Yue, J. M;; Tong, Y. X.; Yang, G. J. et al. A pyrazine-based
polymer for fast-charge batteries. Angew. Chem., Int. Ed. 2019, 58,
17820-17826.

[25] Zhang, L. B.; Zhang, Y.; Zhao, M. J.; Ding, K.; Liu, H. M.; Wang, Y.
G. Enhanced =n-conjugation and multi-electron transfer organic
cathodes enabled high-performance zinc-ion storage. J. Colloid
Interface Sci. 2026, 702, 138818.

[26] Hu, Y.; Yu, Q. H.; Tang, W.; Cheng, M. Z.; Wang, X. X; Liu, S. H,;
Gao, J.; Wang, M.; Xiong, M.; Hu, J. H. et al. Ultra-stable, ultra-long-
lifespan and ultra-high-rate Na-ion batteries using small-molecule
organic cathodes. Energy Storage Mater. 2021, 41, 738-747.

[27] Peng, X. Y.; Xie, Y.; Baktash, A.; Tang, J. Y.; Lin, T.; Huang, X.; Hu,
Y. X.; Jia, Z. F.; Searles, D. J.; Yamauchi, Y. et al. Back cover:
Heterocyclic conjugated polymer nanoarchitectonics with synergistic
redox-active sites for high-performance aluminium organic batteries.
Angew. Chem., Int. Ed. 2022, 61, €202206432.

[28] Li, H. B.; Cao, M. G.; Fu, Z. L.; Ma, Q. W.; Zhang, L. H.; Wang, R.;
Liang, F.; Zhou, T. F.; Zhang, C. F. A covalent organic framework as
a dual-active-center cathode for a high-performance aqueous zinc-ion
battery. Chem. Sci. 2024, 15, 4341-4348.

[29] Li, S. L.; Shang, J.; Li, M. L.; Xu, M. W.; Zeng, F. B.; Yin, H.; Tang,
Y. B.; Han, C. P.; Cheng, H. M. Design and synthesis of a m-

Nano Research, 2026, 19, 94909070


https://doi.org/10.1002/adfm.202308001
https://doi.org/10.1016/j.chempr.2021.09.013
https://doi.org/10.1002/anie.202117511
https://doi.org/10.1002/adma.73130
https://doi.org/10.1016/j.cej.2026.179863
https://doi.org/10.1016/j.cej.2026.179863
https://doi.org/10.1002/aenm.202102707
https://doi.org/10.1039/C8EE02892C
https://doi.org/10.1016/j.jechem.2020.06.013
https://doi.org/10.1016/j.ensm.2021.01.006
https://doi.org/10.1002/smm2.1110
https://doi.org/10.1002/adma.202301088
https://doi.org/10.1016/j.chempr.2018.09.005
https://doi.org/10.1038/s41467-023-40969-5
https://doi.org/10.1038/s41586-021-03399-1
https://doi.org/10.1016/j.esci.2026.100578
https://doi.org/10.1021/acsaem.0c02526
https://doi.org/10.1002/aenm.202204005
https://doi.org/10.1002/adfm.202505318
https://doi.org/10.1002/aenm.202403011
https://doi.org/10.1002/anie.201916529
https://doi.org/10.1063/1.464913
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1063/1.3382344
https://doi.org/10.1002/anie.201910916
https://doi.org/10.1016/j.jcis.2025.138818
https://doi.org/10.1016/j.jcis.2025.138818
https://doi.org/10.1016/j.ensm.2021.07.008
https://doi.org/10.1002/anie.202206432
https://doi.org/10.1039/D3SC07013A
https://www.sciopen.com/article/10.26599/NR.2026.94909070
https://www.sciopen.com/article/10.26599/NR.2026.94909070
https://www.sciopen.com/article/10.26599/NR.2026.94909070
https://www.sciopen.com/article/10.26599/NR.2026.94909070
https://www.sciopen.com/article/10.26599/NR.2026.94909070
https://www.sciopen.com/article/10.26599/NR.2026.94909070
https://www.sciopen.com/article/10.26599/NR.2026.94909070
https://www.sciopen.com/article/10.26599/NR.2026.94909070

Wang et al.

Nano Research | Vol. 19, No. 12

conjugated N-heteroaromatic material for aqueous zinc—organic
batteries with ultrahigh rate and extremely long life. Adv. Mater. 2023,
35,2207115.

[30] Lu, T.; Chen, Q. X. Interaction region indicator: A simple real space
function clearly revealing both chemical bonds and weak interactions.
Chem. Methods 2021, 1,231-239.

[31] Peng, H. L.; Xiao, J.; Wu, Z. H.; Zhang, L.; Geng, Y. H.; Xin, W. L.;
Li, J. W.; Yan, Z. C.; Zhang, K.; Zhu, Z. Q. N-heterocycles extended
m-conjugation enables ultrahigh capacity, long-lived, and fast-charging
organic cathodes for aqueous zinc batteries. CCS Chem. 2023, 5,
1789-1801.

[32] Yang, J. X.; Xiong, P. X.; Shi, Y. Q.; Sun, P. F.; Wang, Z. P.; Chen,
Z. F.; Xu, Y. H. Rational molecular design of benzoquinone-derived
cathode materials for high-performance lithium-ion batteries. Adv.
Funct. Mater. 2020, 30, 1909597.

[33] Wang, A. Q.; Tan, R.; Breakwell, C.; Wei, X. C.; Fan, Z. Y.; Ye, C.
C.; Malpass-Evans, R.; Liu, T.; Zwijnenburg, M. A.; Jelfs, K. E. et al.
Solution-processable redox-active polymers of intrinsic microporosity
for electrochemical energy storage. J. Am. Chem. Soc. 2022, 144,
17198-17208.

[34] Zhang, L. H.; Wang, R.; Liu, Z. X.; Wan, J. D.; Zhang, S. L.; Wang,
S. M.; Hua, K.; Liu, X. H.; Zhou, X. Z.; Luo, X. S. et al. Porous
organic polymer with hierarchical structure and limited volume
expansion for ultrafast and highly durable sodium storage. Adv. Mater.
2023, 35, 2210082.

[35] Gan, X. T.; Zhang, H. D.; Hu, Z. J.; Li, M. L.; Wang, J. X.; Cai, T. T.;
Chen, Z. G.; Gong, H. S.; Wang, Y. G. Song, Z. P.
Trinaphthylenehexone: Toward high-energy and high-stability small-
molecule Quinone cathode materials. Adv. Funct. Mater. 2025, 35,
2504093.

[36] He, J.; Zeng, L.; Li, J. C.; Zhu, D.; Gao, T.; Wang, Y.; Chen, Y. G.
Phase manipulating toward Ni catalysts via lattice nitrogen endows
high energy density hydrogen gas battery. Nano Energy 2024, 128,
109894.

[37] Sun, C. L.; Luo, X. E.; Xu, H.; Song, Q. W.; Fan, Z. P.; Wang, X. Z.;
Cao, J. J.; Shi, Z. F.; Zhang, H. L. Aromaticity and tautomerism of a
4n 7 electron dihydrohexaazapentacene. Org. Chem. Front. 2020, 7,
405-413.

[38] Pan, B. F.; Huang, J. H.; Feng, Z. X.; Zeng, L.; He, M. N.; Zhang, L.;
Vaughey, J. T.; Bedzyk, M. J.; Fenter, P.; Zhang, Z. C. et al.
Polyanthraquinone-based organic cathode for high-performance
rechargeable magnesium-ion batteries. Adv. Energy Mater. 2016, 6,
1600140.

[39] Enache, T. A.; Oliveira-Brett, A. M. Phenol and para-substituted
phenols electrochemical oxidation pathways. J. Electroanal. Chem.
2011, 655, 9-16.

[40] Lee, M.; Hong, J.; Seo, D. H.; Nam, D. H.; Nam, K. T.; Kang, K.;
Park, C. B. Redox cofactor from biological energy transduction as
molecularly tunable energy-storage compound. Angew. Chem. 2013,
125, 8480-8486.

[41] Wang, W. X.; Kale, V. S.; Cao, Z.; Lei, Y.; Kandambeth, S.; Zou, G.
D.; Zhu, Y. P.; Abouhamad, E.; Shekhah, O.; Cavallo, L. et al.
Molecular engineering of covalent organic framework cathodes for
enhanced zinc-ion batteries. Adv. Mater. 2021, 33, 2103617.

[42] Zhao, Y.; Huang, Y. X.; Wu, F.; Chen, R. J.; Li, L. High-performance
aqueous zinc batteries based on organic/organic cathodes integrating
multiredox centers. Adv. Mater. 2021, 33, 2106469.

[43] Wang, S. M.; Guo, Q. F.; Liu, H. R.; Zhang, L. H.; Zhang, C. F.;
Zhou, T. F.; Ma, Q. W.; Li, H. B.; Wang, R.; Zheng, Y. Design of a
bipolar organic small-molecule cathode with mesoporous nanospheres
structure for long lifespan and high-rate Li-storage performance.
Chem. Sci. 2024, 15, 1051-1060.

[44] Zhang, S. Q.; Zhu, Y. L.; Ren, S. Y.; Li, C. G.; Chen, X. B.; Li, Z. J.;
Han, Y.; Shi, Z.; Feng, S. H. Covalent organic framework with
multiple redox active sites for high-performance aqueous calcium ion
batteries. J. Am. Chem. Soc. 2023, 145, 17309—17320.

[45] Tie, Z.; Deng, S. Z.; Cao, H. M.; Yao, M. J.; Niu, Z. Q.; Chen, J. A
symmetric all-organic proton battery in mild electrolyte. Angew.
Chem., Int. Ed. 2022, 61, ¢202115180.

[46] Xiong, P.; Liu, B. H.; Zhang, S. L.; Li, G. J.; Zhang, X. D.; Wang, R.;
Li, H. B.; Feng, G.; Zhang, L. H.; Zhang, C. F. Tailoring quinone-
based organic small molecules as universal cathodes for high-
performance Zn/Al-ion batteries operating from —50 to 50 °C. Adv.
Funct. Mater. 2026, 36, €74641.

[47]Li, C. Q.; Wang, Z. Y.; Jin, Y. C.; Li, Z. P.; Jeon, J. P.; Zhao, S. L;
Shao, Y. H.; Tang, F.; Kim, W. Y.; Guan, R. N. et al. Tunable
catalytic vertex wall chemistry in metal-free covalent organic
frameworks for enhanced oxygen reduction. Angew. Chem., Int. Ed.
2025, 64, €202500336.

[48] Wang, R. Y.; He, J.; Yan, C.; Jing, R. W.; Zhao, Y.; Yang, J.; Shi, M.
J.; Yan, X. B. A long-range planar polymer with efficient n-electron
delocalization for superior proton storage. Adv. Mater. 2024, 36,
2402681.

[49]Lu, T.; Chen, F. W. Multiwfn: A multifunctional wavefunction
analyzer. J. Comput. Chem. 2012, 33, 580-592.

[50] Du, D. W.; Chen, Y. Q.; Zhang, H.; Zhao, J. P.; Jin, L. Y.; Ji, W. X_;
Huang, H.; Pang, S. P. High-performance azo cathodes enabled by N-
heteroatomic substitution for zinc batteries with a self-charging
capability. Angew. Chem., Int. Ed. 2024, 63, €202408292.

This is an open access article under the terms of the Creative Commons Attribution 4.0 Intemational License (CC BY 4.0, https://creativecommons.org/
BY

licenses/by/4.0/).

© The Author(s) 2026. Published by Tsinghua University Press.

Nano Research, 2026, 19, 94909070

94909070 (10 of 10)

77w | Sci@pen

Tsinghua University


https://doi.org/10.1002/adma.202207115
https://doi.org/10.1002/cmtd.202100007
https://doi.org/10.31635/ccschem.022.202202276
https://doi.org/10.1002/adfm.201909597
https://doi.org/10.1002/adfm.201909597
https://doi.org/10.1021/jacs.2c07575
https://doi.org/10.1002/adma.202210082
https://doi.org/10.1002/adfm.202504093
https://doi.org/10.1016/j.nanoen.2024.109894
https://doi.org/10.1039/C9QO01285K
https://doi.org/10.1002/aenm.201600140
https://doi.org/10.1016/j.jelechem.2011.02.022
https://doi.org/10.1002/ange.201301850
https://doi.org/10.1002/adma.202103617
https://doi.org/10.1002/adma.202106469
https://doi.org/10.1039/D3SC05843C
https://doi.org/10.1021/jacs.3c04657
https://doi.org/10.1002/anie.202115180
https://doi.org/10.1002/anie.202115180
https://doi.org/10.1002/adfm.74641
https://doi.org/10.1002/adfm.74641
https://doi.org/10.1002/anie.202500336
https://doi.org/10.1002/adma.202402681
https://doi.org/10.1002/jcc.22885
https://doi.org/10.1002/anie.202408292
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.sciopen.com/article/10.26599/NR.2026.94909070
https://www.sciopen.com/article/10.26599/NR.2026.94909070
https://www.sciopen.com/article/10.26599/NR.2026.94909070
https://www.sciopen.com/article/10.26599/NR.2026.94909070
https://www.sciopen.com/article/10.26599/NR.2026.94909070
https://www.sciopen.com/article/10.26599/NR.2026.94909070
https://www.sciopen.com/article/10.26599/NR.2026.94909070
https://www.sciopen.com/article/10.26599/NR.2026.94909070

	1 Introduction
	2 Experimental section
	2.1 Materials
	2.2 Synthesis of DQPAT
	2.3 Characterization
	2.4 Electrochemical measurements
	2.5 Density functional theory (DFT) calculation

	3 Results and discussion
	3.1 Physicochemical properties
	3.2 Electrochemical performance
	3.3 Redox kinetics
	3.4 Charge storage mechanism
	3.5 Theoretical calculation

	4 Conclusions
	Electronic Supplementary Material
	Data availability
	Acknowledgements
	Declaration of competing interest
	Author contribution statement
	Use of AI statement
	References

