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Abstract

High-voltage n-type organic cathode materials are critical for constructing zinc-organic batteries (ZOBs) with high en-
ergy density and long cycle life. However, the intrinsically unfavorable electronic structures and relatively high LUMO
energy levels of most n-type materials often lead to sluggish kinetics, high solubility, and suboptimal discharge voltages
(< 0.8 V). Here, we design a small molecule, quinoxalino[2’,3":5,6]pyrazino[2,3-f][1,10]phenanthroline (DPQP), as a ZOB
cathode by introducing locally electron-deficient motifs into the conjugated backbone of aromatic compounds. The linear-
ly fused pyrazine units extending the pyrazine-benzene framework effectively optimize the electronic structure, thereby
significantly enhancing the discharge voltage. Meanwhile, the expanded n-conjugated plane suppresses dissolution and
accelerates charge-transfer kinetics. Benefiting from these features, the DPQP electrode exhibits an exceptional increase in
average operating voltage from 0.61 V to 1.07 V (vs. Zn?"/Zn) at 0.1 A-g™!, with an overpotential of only 140 mV. Notably,
no discernible voltage decay occurs as the current density increases, indicating rapid and highly reversible redox kinetics.
Furthermore, the DPQP cathode delivers outstanding cycling stability, maintaining over 2000 h of continuous operation at
0.1 A-g™! and retaining 82.5% of its capacity after more than 10,000 cycles at 10 A-g™'. Remarkably, the DPQP electrode also
demonstrates excellent tolerance to extreme temperatures, achieving stable electrochemical performance across a wide
temperature range from —20 °C to 60 °C. In addition, a series of spectroscopic and microscopic characterizations confirm the
highly reversible redox behavior and Zn?* storage mechanism of the DPQP cathode.
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1. Introduction

With the increasing demand for large-scale energy
storage systems that are highly safe, cost-effective,
long-lasting, high in energy density, and environ-
mentally friendly, aqueous zinc-ion batteries (AZIBs)
have gained considerable attention [1]. Owing to the
zinc anode’s remarkably high volumetric capacity
(5855 mAh-cm™), its redox potential matching with
aqueous electrolytes (-0.76 V vs. the standard hydro-
gen electrode), as well as the high ionic conductivity

and inherent safety of aqueous electrolytes, develop-
ing suitable cathode materials has become a top pri-
ority in achieving high-performance AZIBs [2]. Or-
ganic cathode materials have emerged as promising
candidates owing to their low cost, minimal environ-
mental toxicity, and structurally diverse and tunable
molecular frameworks [3]. The flexible carbon-chain
backbones of organic compounds, along with their
distinct ion-coordination storage mechanisms, effec-
tively bypass the structural collapse and electrostatic
repulsion commonly observed in inorganic cathodes,
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thus enabling exceptionally long cycling stability [4].
Nevertheless, the performance of organic cathodes
remains limited by their intrinsically low electronic
conductivity, dissolution concerns, and relatively low
operating voltages [5].

Organic cathode materials can be classified into
n-type, p-type, and bipolar-type based on the types of
redox-active groups and their interactions with charge
carriers [6]. N-type electrode materials, which primar-
ily include carbonyl compounds, imine-based struc-
tures, and nitro-containing molecules, typically exhib-
it high theoretical capacities due to the large number
of redox-active sites available for participation in the
storage process. However, because their operating
voltages are typically low (< 0.8 V), which inevita-
bly limits the attainable energy density of ZOBs, the
practical realization of high-performance devices re-
mains challenging [7]. It is widely acknowledged that
the discharge voltage of n-type electrodes is closely
associated with their electronic structures, especially
the position of the LUMO energy level [8]. A lower
LUMO energy level typically correlates with higher
electron affinity and stronger oxidizing ability, both of
which contribute to an increased reduction potential.
Therefore, enhancing the discharge voltage is typical-
ly achieved through rational molecular engineering,
which allows precise tailoring of the molecular struc-
ture to effectively lower the LUMO energy level.

Currently, there are two primary strategies for en-
hancing the intrinsic reduction potential of organic
materialsby modulating their molecular structures [9].
The first strategy involves enhancing the degree of
molecular conjugation, where the n-electron system
within the conjugated framework promotes a redis-
tribution of charge density between the LUMO en-
ergy and HOMO energy levels, thereby enabling the
adjustment of the overall molecular energy levels [5].
For instance, Peng et al. synthesized a cathode mate-
rial, DQDPD, by extending the conjugated structure
of TAPQ, which led to a more delocalized n-system
and consequently lowered the LUMO energy level
from -3.438 eV to -3.534 eV, thus raising the oper-
ating voltage from 0.60 V to 0.68 V [7]. The second
strategy involves introducing electron-withdrawing
groups such as -F, -CN, or -NO, into the molecular
backbone [10]. The electron-withdrawing effect re-
duces the electron density in the conjugated system
and diminishes electronic repulsion, ultimately low-
ering the energy level of the remaining electrons. For
example, incorporating -NO, [11], -F [12], or -CN [13]
into hexaazatrinaphthylene (HATN), as well as intro-
ducing -F and -NO, groups into DHHAP [14], has
been shown to effectively reduce the LUMO energy
levels and increase the discharge voltage. However,
their discharge voltages (< 1 V) and energy densities

(mostly below 200 Wh-kg™) remain unsatisfactory,
which may be attributed to the increase in molec-
ular weight caused by the introduction of non-re-
dox-active electron-withdrawing groups, thereby
lowering the theoretical capacity. Therefore, achiev-
ing high-voltage storage through rational molecular
design, while avoiding a compromise in capacity, re-
mains a key challenge for n-type cathode materials.
In this work, an n-type organic compound, DPQP,
which is designed through the incorporation of lin-
early fused electron-deficient centers, is employed
as the cathode material for ZOBs. Theoretical calcu-
lations reveal that the LUMO energy level of DPQP
decreases from -2.71 eV to -3.55 eV, a shift that plays
a decisive role in enhancing the operating voltage.
Experimental characterizations further demonstrate
that DPQP exhibits enhanced electrical conductivity,
suppressed solubility, and pronounced electron-defi-
cient characteristics, all of which collectively contrib-
ute to its electrochemical performance. Consequently,
DPQP achieves an average operating voltage of 1.07 V
(vs. Zn*/Zn), representing a significant increase of
0.46 V compared to its parent molecular structure.
Notably, DPQP exhibits outstanding cycling durabil-
ity and rate performance, as evidenced by its ability
to operate for over 2000 hours at a current density of
0.1 A.g! without noticeable degradation, while also
maintaining 82.5% of its initial capacity after 10,000
cycles at a high current density of 10 A-g™. Moreover,
its exceptional electrochemical performance across a
wide temperature range from —-20 °C to 60 °C, further
highlights its potential for practical applications.

2. Experimental Section
2.1. Syntheses of DPQP and DPP

The syntheses of DPQP and DPP involved a
Schiff base condensation reaction [15]. Specifical-
ly, 1,10-phenanthroline-5,6-dione (PHDQ) and
2,3-diaminoquinoxaline (DAQ) were dissolved in a
mixed solvent of 20 mL ethanol and 20 mL acetic acid
in a 100 mL round-bottom flask, maintaining a stoi-
chiometric ratio of 1:1. The suspension was sonicated
for 15 minutes to ensure thorough mixing and dissolu-
tion. The resulting solution was then refluxed at 120 °C
for 8 hours, during which an orange solid, DPQP,
was formed. After the reaction was complete, the
round-bottom flask was placed in an ice-water bath
for 2 hours, allowing DPQP to crystallize. The pure
DPQP crystals were then obtained. Next, the sol-
id-liquid mixture was vacuum filtered to remove the
solvent, and the residue was washed several times
with ethanol and deionized water. The filter cake
was dried under vacuum at 80 °C to yield DPQP as
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the cathode material. The synthesis method for DPP
was similar to that of DPQP, except that DAQ was re-
placed with o-phenylenediamine (0o-PDA). DPP was
obtained as a white to pale yellow solid.

2.2. Materials characterizations

The successful synthesis of the materials was con-
firmed by liquid nuclear magnetic resonance (NMR,
BRUKER AVANCE 400, solvent: deuterated trifluoro-
acetic acid) and high-resolution mass spectrometry
(HRMS, Thermo Scientific Q Exactive, ESI mode, sol-
vent: N,N-Dimethylformamide (DMF)). The crystal
structure of the material was determined by X-ray
diffraction (XRD, smartlab). Thermal stability was
characterized by thermogravimetric analysis (TGA,
TA DISCOVERY 5500). Infrared spectroscopy (FTIR,
Thermo Fisher Scientific Nicolet iS20) and Raman
spectroscopy (Shimadzu UV-3600i Plus, diffuse re-
flectance integrating sphere mode) were used to
characterize the structural features and functional
group vibrations of the material. X-ray photoelectron
spectroscopy (XPS) was employed using a Thermo
Scientific K-Alpha instrument. Scanning electron mi-
croscopy (SEM, ZEISS Sigma 300) and transmission
electron microscopy (TEM, FEI Tecnai G2 F20) were
used to observe the morphology and elemental dis-
tribution of the material. The specific surface area of
the material was determined using a Micromeritics
3Flex automated surface and porosity analyzer. The
resistivity and conductivity of the material were
tested using an ST2742B automated powder testing
instrument.

2.3. Electrochemical measurements

To prepare organic cathodes, a mixture of active
materials (DPP and DPQP), Ketjen black (KB) and
polytetrafluoroethylene (with a mass ratio of 6:3:1)
was compressed into discs and pressed onto stain-
less-steel mesh. Then, the cathodes were dried at
80 °C for 12 h under a vacuum condition. The mass
loading of active materials on the cathode was about
1.5-2 mg-cm™2. Following the same procedure, a prac-
tical-level mass loading of 6 mg-cm™ for DPQP in the
cathode was also fabricated through the same method.
The CR 2016 button cell was assembled with organic
cathode (0.06 mm, @ = 8 mm), 100 uL of 1 mol-L! Zn
(C10,), electrolyte, Zn metal (0.3 mm, @ = 12 mm)
anode, glass fiber (applied as the separator, What-
man, GF/D, @ = 12 mm), and nickel foam (0.4 mm,
@ = 12 mm). Galvanostatic charge/discharge (GCD)
curves and cyclic stability of ZIBs were tested on
a LAND battery test system within the potential
range from 0.2 to 1.8 V. Cyclic voltammetric (CV)

and electrochemical impedance spectroscopic (EIS)
tests were performed on a CHI 660E electrochemical
workstation.

2.4. Density functional theory computation

DEFT calculations are carried out using the Gauss-
ian16 (A.03) software package [16]. The geometry op-
timizations are performed with the B3LYP functional,
employing the def2-SVP basis set for all atoms. Elec-
trostatic potential (ESP) grid data, interaction region
indicator (IRI) isosurface, and localized orbital loca-
tor (LOL) analysis are computed using Multiwfn and
visualized via the VMD software [17].

3. Results and Discussion

3.1. Structural characterization

To investigate the effects of extended conjugation
and the construction of electron-deficient centers on
the material’'s LUMO energy level, solubility, and
redox properties, a compound with a similar struc-
ture but reduced conjugation, dipyrido [3,2-a:2",3"-c]
phenazine (DPP), was designed and synthesized for
comparison (Fig. 1a) [18]. Initially, density functional
theory (DFT) is used to calculate the frontier molecu-
lar orbitals of both molecules to compare changes in
their LUMO energy levels. The results revealed that
the LUMO energy level of DPQP (-3.55 eV) is signifi-
cantly reduced by 0.84 eV compared to that of DPP
(-2.71 eV), indicating that DPQP may exhibit signifi-
cantly improved discharge voltage (Fig. 1b). This fur-
ther demonstrates the effectiveness of our strategy,
which involves extending conjugation and construct-
ing electron-deficient centers, in achieving a low
LUMO energy level [19]. Upon examination of the
electrostatic potential (ESP, Fig. 1c) maps on DPP and
DPQP, it was found that the linearly fused pyrazine
ring regions in DPQP form continuous negative elec-
trostatic potential areas with lower electrostatic po-
tential energy, which is favorable for zinc ion storage.
DPQP undergoes a four-electron transfer process, giv-
ing a theoretical capacity of 320 mAh-g™ while DPP
undergoes a two-electron transfer process, achieving
a theoretical capacity of 190 mAh-g™. Further Fukui
function calculations of the nucleophilic attack func-
tion (f*) for the two molecules are performed to pre-
dict the active sites and reactivity. The results indi-
cated that the f* function values of the pyrazine rings
in both DPP and DPQP are much higher than those
of the pyridine rings, suggesting that the pyrazine
rings are the active sites (Fig. 1d) [20]. As shown in
Fig. le, the Interaction Region Indicator (IRI) reveals
a prominent spike between Sign(i,)p = -0.01 to 0.01
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Fig. 1. Design strategy of high-voltage n-type cathode material. (a) Schematic illustration of molecular engineering on electrochemical performance of
organic cathode. (b) LUMO-HOMO energy levels of DPP and DPQP. (c) ESP and (d) Fukui function plots of DPP and DPQP. (e) The IRI isosurface

map of DPQP molecules. (f) ELF color-filled mappings of DPP and DPQP.

for the DPQP molecule, which correlates with the n-nt
interaction forces presented between molecules [21].
Additionally, the Electron Localization Function
(ELE Fig. 1f) isosurface plots based on an ELF iso-
value of 0.7 is used to further confirm the electron
delocalization. DPQP exhibits full conjugation and
significant electron delocalization, promoting rapid
electron transfer within the electrode, thereby en-
hancing the rate performance of the battery [14].
DPQP was synthesized through a Schiff base reac-
tion between 1,10-phenanthroline-5,6-dione (PHDQ)
and 2,3-diaminoquinoxaline (DAQ), with DPP being
synthesized using the same procedure (Fig. 2a) [15].
To confirm the success of the synthesis and ensure
the purity of the compounds, nuclear magnetic reso-
nance (NMR) and high-resolution mass spectrometric

(HRMS) analyses were conducted on both DPP and
DPQP. The proton NMR (*H NMR) spectra of DPQP
displayed four distinct sets of peaks, which align
perfectly with the five unique hydrogen atoms in
varied environments within the molecule (Fig. 2b),
with no extra signals detected [19]. The carbon NMR
(®C NMR) spectra of both molecules (Fig. S1) also
match the molecular structures. Further, HRMS was
used to determine the purity of the materials, show-
ing only peaks corresponding to the mass-to-charge
ratios (m/z) of [DPQP+H]* = 335 and [DPP+H]*= 283,
indicating their high purity and providing a solid
foundation for their promising electrochemical per-
formance (Fig. 2c).

Notably, the X-ray diffraction (XRD) patterns of
DPP and DPQP show that the synthesized materials
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Fig. 2. Materials synthesis and characterization. (a) Synthesis route of DPP and DPQP. (b) 'H NMR spectra, (c) HRMS, (d) XRD patterns, (e) TG
analysis curves, (f) FTIR spectra, (g) Tauc-plots (inset shows the UV-Vis DRS spectra), (h) XPS N 1s spectra of DPP and DPQP. (i) SEM image.

(j) TEM and corresponding EDS mapping images of DPQP.

have good crystallinity (Fig. 2d), suggesting well-or-
dered molecular stacking [22]. The peak at 26 = 27.8°
corresponds to the typical n-n stacking between the
DPQP framework, which matches well with the re-
sults shown in Fig. le. A significant n-n stacking sig-
nal is also observed in the X-ray photoelectron spec-
troscopic (XPS) Cl1s signal of DPQP (Fig. S2), which
contributes to the improved stability of the electrode.
Thermogravimetric analysis (TGA) reveals that DPQP
could withstand elevated temperatures up to 600 °C
in a nitrogen atmosphere with only a minimal mass
loss, whereas DPP underwent nearly total decompo-
sition at 500 °C (Fig. 2e). Furthermore, the extended
conjugated structure of DPQP also enhanced the ma-
terial’s conductivity and aided in suppressing its dis-
solution within the electrolyte [23]. To evaluate the

conductivity of both materials, the four-point probe
method was used, revealing that DPQP’s conductiv-
ity was approximately 0.29 nS-cm™, about 1.5 times
higher than that of DPP (0.19 nS-cm™, Fig. S3). To
study the dissolution behavior of the materials in
the electrolyte, both materials were soaked in a 1M
Zn(ClO,), electrolyte, and UV-Vis absorption spectra
of the solution were collected. As shown in Fig. 54,
the absorbance of DPQP was significantly lower than
that of DPP, indicating that the extended conjuga-
tion structure helps reduce the dissolution of DPQP,
thereby enhancing its cycling stability.

We collected FTIR, UV-vis, and XPS data of DPP and
DPQP to verify their chemical structures and track
structural evolution. As shown in Fig. 2f, the FTIR
spectrum of the reactant DAQ shows characteristic
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bands at 3423, 3308, and 1650 c¢m™, which are as-
signed to the symmetric/asymmetric N-H stretch-
ing (v) and N-H bending (3) vibrations of the -NH,
group, while the peak at 1680 cm™ corresponds to
the C=O0 stretching. In contrast, for DPP and DPQP
these bands vanish, and a new feature appears near
1580 cm™, attributable to the C=N stretching vibra-
tion of the redox-active site, indicating consump-
tion of -NH,/C=0 functionalities and formation of
imine-type nitrogen. Additionally, compared with
PHDQ, the C=C vibration peak in DPQP’s conjugat-
ed backbone red-shifts from 1410 cm™ to 1385 cm™,
indicating enhanced n-conjugation [24]. Consistent-
ly, the UV-Vis spectrum of DPQP exhibits stron-
ger long-wavelength absorption than that of DPP,
in line with its smaller fitted optical bandgap (E,).
DPQP shows a significantly smaller optical bandgap
(E. = 1.76 eV) than DPP (Eg = 2.68 eV), indicating
enhanced intrinsic charge transport (Fig. 2g). The
strengthened long-wavelength absorption of DPQP
and its markedly reduced optical bandgap indicate a
lower-energy electronic transition associated with an
altered m-electron system [25]. Such spectral chang-
es are consistent with enhanced n-delocalization and
a narrowed HOMO-LUMO separation induced by
pyrazine-ring fusion, thereby supporting an electron-
ic-structure reconstruction in DPQP relative to DPP.
Furthermore, high-resolution XPSN 1sspectra (Fig.2h)
were collected to probe the electronic environment
of the redox-active nitrogen atoms induced by pyr-
azine-ring fusion. Compared with DPP, DPQP exhib-
its a slight positive shift of the N 1s peak from 398.8
to 399.1 eV. Such a positive chemical shift is gener-
ally consistent with decreased local electron density
(weaker core-electron screening) at the N sites, sug-
gesting that pyrazine-ring fusion renders theredox-ac-
tive nitrogens in DPQP more electron-deficient [19].
Collectively, these characterizations corroborate the
feasibility of our theoretical design, and provide di-
rect structural and electronic evidence underpinning
the superior electrochemical performance of the
material.

Scanning electron microscopic (SEM) images show
that DPQP is composed of rod-like structures with
widths ranging from 200 to 500 nm (Fig. 2i, Fig. S5),
which is consistent with transmission electron mi-
croscopic (TEM) observations (Fig. 2j, Fig. S6).
Brunauer-Emmett-Teller (BET) analysis reveals a spe-
cific surface area of 21.9 m*g™ and an average pore
size of ~13.7 nm, indicating a mesoporous architec-
ture (Fig. S7). The mesopores can act as electrolyte
reservoirs and provide continuous ion-transport
pathways within the electrode, which is expected
to reduce electrolyte diffusion resistance and miti-
gate concentration polarization under high current

densities. Meanwhile, the accessible surface area in-
creases the effective electrode-electrolyte interfacial
contact, thereby promoting rapid wetting and im-
proved utilization of redox-active sites. Importantly,
the mesoporous void space can also buffer local vol-
ume/strain variations during repeated ion insertion/
extraction, helping maintain structural integrity and
suppressing kinetic deterioration upon cycling [26].
Collectively, these textural features are beneficial for
achieving enhanced rate capability and cycling sta-
bility. Energy-dispersive X-ray spectroscopic (EDS)
mapping reveals a uniform distribution of C and N
throughout the rods, supporting the homogeneous
composition and successful formation of DPQP
(Fig. 2j, Fig. S6).

3.2. Electrochemical performance

The above theoretical calculations and character-
ization results suggest that DPQP may exhibit ex-
cellent electrochemical performance, particularly in
terms of enhanced discharge voltage. Therefore, zinc
foil was used as the anode, and 1 mol-L™ Zn(ClO,),
was used as the electrolyte to study the electrochem-
ical performance of the cathode material in aqueous
zinc-ion batteries (AZIBs). Firstly, the electrochemical
properties of the electrode were investigated using
cyclic voltammetry (CV). Both DPP and DPQP show
a pair of redox peaks; however, the reduction peak of
DPQP shifted markedly from 0.51 V (DPP) to 1.03 V,
corresponding to the decrease in its LUMO energy
level (from -2.71 eV to -3.55 eV, Fig. 3a). In addition,
DPQP displays significantly reduced polarization, as
reflected by its narrower redox potential gap of 140mV
compared to 240 mV for DPP, indicating faster reac-
tion kinetics and improved electrochemical reversibil-
ity. The galvanostatic charge-discharge (GCD) curve
of DPQP (Fig. 3b) shows a capacity of 163 mAh-g™
at 0.1 A-g?, with an average discharge voltage of
1.07 V, representing a notable 0.46 V improvement
over DPP. The dQ/dV curve of DPQP (Fig. 3c) fea-
tures a distinct and sharp reduction peak, which cor-
responds well with the peaks in the CV curve and the
charge-discharge plateaus in the GCD curve [27].

DPQP exhibited exceptional rate capability over
a broad current density range (0.5-20 A-g™, Fig. 3d),
maintaining a capacity of 955 mAh-g? even at
20 A-g (Fig. 58-9). This outstanding high-rate per-
formance indicates highly efficient charge-transport
kinetics, consistent with the molecular design that
enhances electronic delocalization and reduces the
LUMO energy level. In addition to its fast reaction
kinetics, DPQP displayed remarkable voltage sta-
bility under increasing current densities (Fig. 3e).
Even at 20 A-g”', the discharge plateau remained
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Fig. 3. Electrochemical performance. (a) CV curves, (b) GCD curves at 0.1 A g and (c) corresponding dQ/dV curves of DPP and DPQP. (d) Rate
performance and (e) corresponding discharge voltage of DPP and DPQP. (f) The comparison of DPQP and reported cathode materials in capacity,
voltage, and energy density. Cycling performance of DPP and DPQP at (g) 0.1 A-g™ and (h) 10 A-g™".

well preserved without noticeable voltage decay,
demonstrating suppressed polarization and rap-
id ion/electron transport throughout the electrode.
The maintenance of a high operating voltage at ul-
trahigh current densities is particularly crucial, as
it ensures effective energy delivery under practical
working conditions. Benefiting from its elevated and
stable operating voltage, DPQP achieved a high en-
ergy density of 1744 Wh'kg™ (Fig. 3f), surpassing
the majority of reported organic cathode materials
(TableS1). The synergy between rapid kinetics (Fig. 3d)
and minimal voltage polarization (Fig. 3e) ultimately
enables the material to fully exploit its intrinsic redox
potential, giving rise to its superior energy-storage
performance.

The DPQP electrode also exhibited exception-
al long-term cycling stability, as shown in Fig. 3g.
At 0.1 A-g™, it operated continuously for more than
2524 hours with negligible capacity decay, demon-
strating its superior structural robustness and sup-
pressed dissolution enabled by the extended conju-
gated framework. This intrinsic stability is further
reflected in the highly stable voltage profiles (Fig. S10),
where the discharge plateau remained above 1.0 V
with minimal polarization, indicating sustained elec-
trochemical reversibility during prolonged cycling.

Similarly, the DPQP cathode maintained a capacity
retention rate of 86.4% after 1000 cycles at 0.5 A-g™
(Fig. S11). Even at high rates, DPQP can achieve sta-
ble and fast charge/discharge. At a current density of
10 A-g™, the DPQP cathode could be cycled for 10,500
times with a capacity retention of 82.5%, with each
charge/discharge cycle taking only 90 seconds. Over-
all, Fig. 3g-3h and Fig. S10-5S11 together illustrate a
consistent performance trajectory—from long-term
cycling stability to excellent voltage retention and ex-
ceptional high-rate endurance—establishing DPQP
as a highly promising cathode material for advanced
aqueous zinc-ion batteries.

3.3. Kinetics performance

The electrochemical results reveal that the DPQP
cathode delivers high operating voltage, long cycling
life, and low polarization, highlighting its overall su-
perior electrochemical behavior. To further clarify the
origins of these properties, a series of kinetic analy-
ses was conducted. First, the reaction kinetics of DPP
and DPQP were studied using cyclic voltammetry at
varying scan rates. As shown in Fig. 4a, the overpo-
tentials of the reversible redox peaks in DPQP slight-
ly increased with the scan rate, corresponding to the
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Fig. 4. The reaction kinetics of DPQP cathode. (a) CV curves of DPQP at different scan rates and (b) calculated b values. (c) Calculated capacitance/
contribution ratios at different scan rates. (d) In-situ EIS curves and (e) DRT result of DPQP. (f) GITT test of DPQP and calculated ionic diffusion
coefficients of Zn**. (g) Wide temperature performance at 0.1 A-g™" within the temperature from —20 to 60 °C. (h) Cycling performance of DPQP at

0.5 A-g™"at =20 and 60 °C.

redox reaction in the pyrazine ring of DPQP. Analysis
of the i-v power-law relationship yields b-values of 0.83
and 0.71 for DPQP (Fig. 4b), higher than those of DPP
(0.84, 0.36, and 0.54, Fig. S12), indicating a dominant
and rapid surface pseudocapacitive charge-storage
behavior. Further separation of capacitive and diffu-
sion-controlled contributions shows that the capaci-
tive fraction increased from 47% to 70% with scan rate
(Fig. 4c), confirming accelerated reaction kinetics and
pronounced pseudocapacitive behavior in DPQP [28].

A deeper understanding of the intrinsic mech-
anism behind the superior kinetics of DPQP was
obtained through in-situ electrochemical imped-
ance spectroscopy (EIS) (Fig. 4d, Fig. S13) combined
with distribution of relaxation time (DRT) analysis
(Fig. 4e). The Nyquist plot consists of a high-frequen-
cy semicircle and a low-frequency inclined line, cor-
responding to charge-transfer resistance (Rct) and
Warburg impedance associated with ion diffusion, re-
spectively. Throughout the charge-discharge process,
DPQP consistently exhibits a smaller high-frequency
semicircle, indicating a smaller Rct. Meanwhile, the
large slope in the low-frequency region further con-
firms arelatively low Warburg impedance, suggesting

that the DPQP electrode possesses fast ion diffusion
capability (Fig. 4d). This could be attributed to its lay-
ered structure, which provides abundantion diffusion
pathways and rapid ion diffusion channels. The DRT
analysis further decomposes the impedance contribu-
tionsintointerfacial diffusion resistance (t~104-1072s)
and bulk diffusion resistance (t = 107-10? s) (Fig. 4e).
DPQP shows smaller peaks in both relaxation time
regions, indicating lower interfacial and bulk resis-
tances, thereby facilitating a reduction in the Zn*
migration barrier. To further quantify ionic transport,
the galvanostatic intermittent titration technique
(GITT) was employed. The obtained Zn?* diffusion
coefficients (D, ) of DPQP fell within the range of
10%-10®° cm*s™ (Fig. 4f, Fig. S14) while the D, of
DPP was about 10" cm?s™, indicative of fast ion
transport within the DPQP electrode. Such compar-
atively high ion-diffusion coefficients directly ac-
count for the excellent rate performance observed
in DPQP.

It is well known that an electrode with high a mass
loading often suffers from poor electrochemical per-
formance due to slow electron and ion transport
rates, and increased internal resistance. However,
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high mass loading is a crucial factor for the practi-
cal application of electrode materials [29]. As shown
in Figs. S3 and S5, DPQP has demonstrated excel-
lent electrochemical performance and kinetics at the
conventional loading of 1.5-2 mg-cm™ Therefore,
we further tested the rate performance of DPQP at
a higher loading of 6 mg-cm™. The results show that
DPQP delivered capacities of 119.6, 110.3, 109.6, 108,
107.2, 106.2, and 106.9 mAh-g™* at current densities
of 0.5-10 A-g™ (Fig. S15). Despite a slight decrease in
capacity at the high loading, the DPQP cathode still
exhibits rate performance similar to that at the con-
ventional loading, further demonstrating DPQP’s ex-
cellent electron and ion conductivity, and fast kinetic
characteristics.

Motivated by its excellent electrochemical perfor-
mance and rapid reaction kinetics, we further eval-
uated the temperature adaptability of DPQP under
extreme thermal conditions. Previous studies have
shown that the freezing point of the Zn(ClO,), elec-
trolyte is substantially depressed due to hydrogen
bonding between water molecules and ClO,” ions
(Fig. 516) [22]. To prevent the electrolyte from freez-
ing and puncturing the separator at low tempera-
tures, we selected a 2 mol-L™" Zn(ClO,), electrolyte for
subsequent testing.

In low-temperature environments of 0 °C and
-20 °C, DPQP still maintained capacities of 130 and
118 mAh-g™, corresponding to 79.7% and 72.3% of
its room-temperature capacity, respectively(Fig. 4g).
The capacity decrease primarily arises from increased
electrolyte viscosity, which hinders ion migration and
slows reaction kinetics at low temperatures. Neverthe-
less, the satisfactory performance of DPQP under these
conditions reflects the efficient ion-transport path-
ways enabled by its layered n—n stacking structure [7].
Under elevated temperatures, the DPQP cathode
exhibits further performance enhancement due to
accelerated ion migration and interfacial reaction ki-
netics, delivering 178 and 203 mAh-g™ at 40 °C and
60 °C, respectively, at 0.1 A-g™? (Fig. 4g). Further-
more, DPQP demonstrates excellent cycling dura-
bility at both 60 °C and —20 °C, retaining 91.4% and
98.1% of its capacity, respectively, after 150 cycles
at 0.5 A-g* (Fig. 4h), thereby highlighting its strong
potential for practical temperature-resilient zinc-ion
batteries.

3.4. Energy storage mechanism

To further elucidate the structural evolution of
DPQP during the electrochemical process and its
energy storage mechanism, a series of spectroscop-
ic methods were employed to characterize the elec-
trode during charge and discharge. In the ex-situ

infrared tests, we collected infrared spectra at five
carefully selected potential points, with 0.9 V and
1.2 V corresponding to the end points of the charge
and discharge platforms, respectively (Fig. 5a). These
points effectively reflect the changes in the electrode
material during the oxidation-reduction reactions
that occur at the charge and discharge platforms [2].
The ex-situ FTIR contour plot (Fig. 5b) clearly shows
that the characteristic C=N stretching band near
1560 cm™ gradually weakens during discharge and
fully recovers upon charging, demonstrating a highly
reversible structural evolution. This reversible inten-
sity change is attributed to the reduction of C=N to
C-N during discharge and its subsequent reoxida-
tion during charging, indicating the reversible coor-
dination and release of cations. Consistently, ex-situ
Raman spectroscopic image (Fig. 5c) also reveals re-
versible changes in the C=N vibration at ~1550 cm™,
further supporting the FTIR observations. Together,
the FTIR and Raman data confirm that the redox
chemistry of DPQP is governed by a reversible C=N/
C-N conversion process [20].

To investigate the redox centers and ion-storage
behavior in greater detail, ex-situ XPS measurements
were conducted on the N 1s and Zn 2p regions
(Fig. 5d-f). Upon discharge to 0.9 V, the N 1s spectra
show an increase in the C-N component, indicating
the reduction of C=N bonds. As the discharge pro-
ceeds to 0.2 V, this C-N signal further intensifies, con-
sistent with deeper reduction at the active sites. Fol-
lowing subsequent charging to 1.8 V, the C-N peak
almost completely returns to its pristine state (Fig. 5e),
demonstrating excellent reversibility at the mo-
lecular level [30]. Simultaneously, the Zn 2p spec-
tra exhibit a noticeable increase in intensity in the
fully discharged state and a corresponding de-
crease after recharging (Fig. 5f), confirming the
reversible coordination and decoordination of
Zn?* during cycling. Finally, ex-situ TEM com-
bined with elemental mapping (Fig. 5g, Fig. 517)
provides direct visual evidence of the zinc-ion storage
mechanism. While the pristine electrode displays a
uniform distribution of N without detectable Zn, the
discharged electrode shows a clear Zn signal homoge-
neously distributed throughout the material, corrob-
orating the reversible Zn?" insertion revealed by XPS
[31]. This Zn signal disappears again after charging,
consistent with the reversible C=N redox process ob-
served in FTIR, Raman, and XPS. Collectively, these
complementary characterizations—FTIR, Raman,
XPS, and TEM-EDS—construct a coherent mechanis-
tic picture, demonstrating that DPQP stores charge
through a highly reversible C=N-based redox reac-
tion coupled with the insertion and extraction of Zn?*
ions. This molecular-level reversibility underpins the
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Fig. 5. Structural evolution and energy storage mechanism of the DPQP cathode during the redox process. (a) A GCD curve. (b) Ex-situ FT-IR image,
(c) Raman image at various electrochemical states. (d) A GCD curve. Ex-situ XPS spectra of (e) N 1s and (f) Zn 2p during discharge and charge.
(g) TEM-EDS of N and Zn elemental distributions of DPQP electrodes at 0.2 V and 1.8 V.

excellent electrochemical performance of DPQP as a
high-performance organic cathode.

4. Conclusions

In summary, we have successfully developed a
fully conjugated aromatic small molecule, DPQP, by
linearly fusing electron-deficient pyrazine units. This
molecular design enables extensive electron delocal-
ization and strong redox affinity, endowing DPQP
with the characteristics required for a high-perfor-
mance n-type organic cathode in aqueous zinc-ion
batteries (AZIBs). The incorporation of electron-de-
ficient centers effectively lowers the LUMO energy
level, enabling a high discharge voltage of 1.07 V.
Meanwhile, the extended conjugated backbone and
strengthened intermolecular interactions mitigate
dissolution in aqueous electrolytes, thereby ensur-
ing excellent structural integrity during long-term
operation. Benefiting from these synergistic fea-
tures, the DPQP cathode delivered remarkable cy-
cling stability—operating for over 2524 hours at
0.1 A-g? with negligible capacity fading—and re-
tained 82.5% of its initial capacity after more than
10,000 cycles at 10 A-g™. In addition, its robust

electrochemical performance under harsh conditions,
including wide-temperature operation (20 °C to
60 °C) and high-mass-loading electrodes, highlights
its favorable reaction kinetics and practical applicabil-
ity. Mechanistic studies combining FTIR, Raman, XPS,
and TEM-EDS further reveal that the charge-storage
process of DPQP is governed by a highly reversible
Zn?** insertion/extraction mechanism coupled with
C=N-centered redox conversion. These insights not
only clarify the structure-function relationship of
DPQP, but also provide important guidelines for con-
structing high-energy, long-life zinc-organic batteries
using high-voltage n-type organic cathode materials.
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