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Abstract   Aqueous zinc-ion batteries (AZIBs) are safe and cost-effective, making them ideal for large-scale energy storage and wearable elec-

tronics. Nevertheless, the advancement of AZIB technology faces constraints due to limited energy storage capability and degraded cyclability,

primarily attributed to the absence of optimal cathode materials. In this study, two structurally similar but chemically different covalent organic

framework materials (Aza-COF-1L and Aza-COF-2) were synthesized. Notably, Aza-COF-1L is easier to synthesize and features abundant pyrazine

redox-active sites, a well-defined porous structure, and intrinsic stability. Consequently, Aza-COF-1L exhibited an electrochemical performance

superior to that of Aza-COF-2. Aza-COF-1L achieved initial capacities of 368.58, 345.96, and 327.82 mAh·g−1 at 0.1, 0.5, and 1 A·g−1, respectively.

After 800 cycles at 1 A·g−1,  Aza-COF-1L maintains a specific capacity of 136.38 mAh·g−1.  In contrast,  Aza-COF-2 exhibited an initial  capacity of

117.79 mAh·g−1 at 0.1 A·g−1, and its capacity significantly decreased during cycling. Additionally, the contribution of the C＝N pyrazine redox site

in Aza-COF-1L to battery capacity during charging and discharging was experimentally analyzed. These results provide valuable guidance for the

development of high-performance organic cathode materials for use in AZIBs.
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INTRODUCTION

The depletion of global fossil fuel reserves and ongoing climate
crisis  have  accelerated  the  transition  to  sustainable  energy  re-
sources  such  as  solar  and  tidal  energy.[1−5] However,  the  inter-
mittent nature of clean energy sources makes large-scale ener-
gy  storage  technology  a  key  component  of  energy
transition.[6−9] Although  lithium-ion  batteries  (LIBs)  have  main-
tained market leadership owing to their superior energy densi-
ty,  they  pose  several  challenges.  Safety  concerns  regarding
flammable  organic  electrolytes,  geopolitical  risks  associated
with lithium and cobalt resources, and challenges in battery re-
cycling are driving the search for safer and more sustainable en-
ergy  alternatives.[10−15] Compared  to  traditional  LIBs,  aqueous
zinc-ion  batteries  (AZIBs)  contain  a  non-flammable  aqueous
electrolyte, which mitigates the risk of thermal runaway. The Zn
metal anode demonstrates a substantial theoretical capacity of
820  mAh·g−1,  and  Zn  is  over  100  times  more  abundant  in  the
Earth's crust than lithium.[16−20] Aqueous electrolytes have supe-
rior ionic conductivity, which enables batteries to achieve ultra-
fast  charging  and  discharging.  The  cost-efficiency  metrics  and
engineering scalability of AZIB systems demonstrate their tech-
no-economic viability for deployment in grid-scale energy stor-

age  infrastructures  and  next-generation  wearable  electronic
systems that require high energy density and mechanical flexi-
bility. However, the development of AZIBs is primarily limited by
the cathode-side issues. For many promising cathode materials
(e.g., layered vanadium oxides or manganese-based oxides), re-
peated  Zn2+ intercalation/deintercalation  can  induce  irre-
versible  structural  collapse  or  phase  transitions.  This  degrada-
tion, coupled with active material dissolution and slow ion diffu-
sion kinetics, severely impedes cycling stability and rate capabil-
ity.[21−24] Consequently,  researchers  have  focused  on  develop-
ing  high-performance  AZIBs  using  inorganic  compounds  as
cathodes,  including vanadium-based compounds,  manganese-
based compounds, and Prussian blue analogs.[25−28] Despite the
advantages  of  these  inorganic  electrodes,  the  development  of
AZIBs  is  limited  by  their  low  conductivity,  toxicity,  and  energy
density.

Organic cathode materials provide a promising solution to
these  challenges.[29−32] Conjugated  carbonyl  compounds
store zinc ions via a reversible enolate reaction, and their flex-
ible molecular structures can accommodate volume changes.
Three-dimensional networks formed by conductive polymers,
such  as  polyaniline,  provide  multidimensional  ion  transport
channels. Notably, organic materials can precisely control the
redox potential through molecular engineering, which is diffi-
cult  to  achieve  using  inorganic  materials.[33−36] However,  or-
ganic electrodes have certain limitations that hinder their de-
velopment.  For  example,  a  lack  of  intrinsic  conductivity  re-
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sults in a low performance. During charging and discharging,
the π-π stacking  structure  in  organic  electrodes  is  prone  to
disruption, leading to active site failure. Additionally, the low
density of organic molecules results in low bulk energy densi-
ty  for  organic  electrodes.[37−40] Therefore,  when  designing
new organic polymer cathode materials,  both cycling stabili-
ty and high capacity must be prioritized.

Covalent organic frameworks (COFs) represent a new class
of crystalline, porous polymer-based materials owing to their
well-defined  porosity,  predictable  organization  of  redox-ac-
tive  groups,  and  high  chemical  stability.[41−43] These  proper-
ties make COFs ideal candidates as cathode materials in aque-
ous  ZIBs.  Unlike  amorphous  organic  polymers,  COFs  form  a
periodically  ordered  framework  through  strong  covalent
bonds,  which  enable  precise  molecular  arrangement,  tun-
able  pore  structures,  and  a  stable  redox  environment.[44,45]

The  design  of  COFs  at  the  molecular  level  is  crucial  for  opti-
mizing their performance. Through a modular synthesis strat-
egy,  redox-active  groups  can  be  incorporated  into  frame-
work nodes or linker units to create periodically arranged ac-
tive  sites.[46,47] The  COFs  feature  multidimensional  channels
that  form  homogeneous  pores.  These  pores  facilitate  the
rapid  movement  of  Zn  ions  in  the  COF  electrode,  enabling
them to reach active sites.[48,49] The highly crystalline π-conju-
gated  framework  of  COFs  enhances  the  electrode  stability.
The rigid covalent organic framework ensures the stability of
the  chemical  reaction  and  effectively  inhibits  the  structural
degradation of the cathode.

In  this  study,  2D  COFs  (Aza-COF-1L  and  Aza-COF-2)  were
synthesized to enhance their electrochemical performance as
AZIB  cathodes.  Aza-COF-1L  was  synthesized via a  photo-in-
duced imine condensation reaction. In this process, the pho-
ton energy  accelerates  the  imine  condensation reaction and
facilitates  the  conversion  of  amorphous  imines  into  crys-
talline  COFs.  Compared  to  Aza-COF-2,  Aza-COF-1L  has  a
shorter  synthesis  time  and  utilizes  a  more  cost-effective  lig-
and.  Aza-COF-1L  features  dense  pyrazine  redox-active  sites,
inherent  chemical  stability,  and  a  well-defined  porous  struc-
ture, enabling reversible and efficient zinc-ion storage during
charging  and  discharging.  Additionally,  Aza-COF-1L  demon-
strates  a  superior  initial  capacity  of  368.58  mAh·g−1 at  0.1
A·g−1 and maintains a specific capacity of 136.38 mAh·g−1 af-
ter  800  cycles  at  1  A·g−1.  In  contrast,  Aza-COF-2  achieved  an
initial  capacity  of  only  117.79  mAh·g−1 at  0.1  A·g−1,  and  its
specific  capacity  significantly  decreased  within  the  first  100
cycles.  The  Aza-COF-1L-based  electrode  exhibited  excellent
initial capacity and cycling stability, making it a viable option
for AZIB cathode applications.

EXPERIMENTAL

Materials
The  following  chemicals  were  used:  hexaketocyclohexane  oc-
tahydrate  (HCH,  ≥99%),  1,2,4,5-benzenetetramine  tetrahy-
drochloride  (BTA·4HCl,  ≥97%),  methanol  (≥99.8%),  mesitylene,
acetic  acid  (≥99%)  2,3,6,7,10,11-hexaaminotriphenylene  hex-
ahydrochloride  (HATP·6HCl,  ≥95%),  1,3-dimethyl-2-imidazolidi-
none (DMI), sulfuric acid (H2SO4),  acetone, 1-methyl-2-pyrrolidi-
none  (NMP  ≥99.9%),  conductive  carbon  black  (Super  P),

polyvinylidene difluoride (PVDF), zinc sulfate (ZnSO4), and man-
ganese sulfate (MnSO4).

Synthesis Methods
Synthesis of Aza-COF-1L:[50] BTA·4HCl (213 mg, 0.75 mmol) and
HCH (156 mg, 0.5 mmol) were added to quartz bottles. The pre-
cursors were dissolved by adding 60 mL of a solvent mixture of
methanol/mesitylene at a 1:1 volume ratio under argon protec-
tion. After 30 min of sonication, 12 mL of distilled water and 18
mL of acetic acid were injected into quartz bottles to induce the
reaction.  The reaction was carried out under xenon irradiation.
The  resulting  powder  precipitate  was  washed  thrice  with
methanol and mesitylene.

Synthesis  of  Aza-COF-2:[51] HATP·6HCl  (289  mg,  0.5  mmol)
and HCH (156 mg, 0.5 mmol) were dissolved in 50 mL of DMI,
and 10 drops of sulfuric acid (98%) were slowly added to the
mixture. The reaction flask was heated to 60 °C for 4 h under a
N2 atmosphere.  Subsequently,  the  temperature  was  in-
creased to 175 °C and maintained for five days. The flask was
cooled  to  room  temperature  and  the  solid  product  was  col-
lected.  The  resulting  powder  precipitate  was  washed  thrice
with distilled water and acetone.

Physical and Spectroscopic Characterization
The functional groups of the COF materials were characterized
using Fourier-transform infrared spectroscopy (FTIR, Nexus 670).
The thermogravimetric analysis (TGA) curve has been tested un-
der  the  following  conditions:  using  a  Netzsch  STA  449F3  ther-
mal  analyzer,  heating  from  30  °C  to  1000  °C  at  a  rate  of  10
°C·min–1 in a nitrogen atmosphere (250.0 mL·min–1). The specif-
ic  surface area and pore distribution of the COF powders were
determined  using  a  fully  automated  Brunauer-Emmett-Teller
(BET)  surface  and  porosity  analyzer  (Micromeritics  3Flex).  The
structural properties of the COF materials were investigated by
powder X-ray diffraction (PXRD,  Ultima IV).  The morphology of
the  COF  powders  and  the  elemental  distribution  of  the  COF
cathodes  were  examined  using  scanning  electron  microscopy
(SEM,  Sigma  300).  The  crystal  structures  of  the  COF  powders
were  evaluated  using  transmission  electron  microscopy  (TEM,
FEI Tecnai F20). The elemental composition of the COF cathode
was  analyzed  semi-quantitatively  using  X-ray  photoelectron
spectroscopy (XPS, Thermo Kalpha).

Coin-Cell Assembly
An  active  compound  (Aza-COF-1L/Aza-COF-2),  a  conductive
material (Super P), and a binder (PVDF) were mixed in a mass ra-
tio of 6:3:1 to prepare the cathode material. These components
were  combined  with  NMP  as  a  solvent  to  form  a  slurry,  which
was then coated onto a stainless-steel mesh using a scraper. The
film was dried in a vacuum oven at  65 °C for  6 h.  The cathode
was  assembled  into  a  CR2032  coin  battery,  with  a  zinc  metal
sheet  as  the  anode.  The  battery  contained  a  separator  and  an
electrolyte solution composed of ZnSO4/MnSO4 at a molar ratio
of 2:0.1.

Electrochemical Measurements
Electrochemical testing of all coin cells was conducted at ambi-
ent  temperature.  The  long-term  cycling  stability,  constant  cur-
rent  charge/discharge  performance,  and  rate  capability  of  the
batteries  were  analyzed using a  coin-cell  analyzer  (Neware CT-
4008T-5V10mA).  Cyclic  voltammetry  (CV)  measurements  were
performed using a potentiostat (CHI660E).
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RESULTS AND DISCUSSION

Synthesis and Characterization

Aza-COF-1L was synthesized via a photoinduced imine conden-

sation  reaction  between  BTA·4HCl  and  HCH.  Aza-COF-2  was

synthesized via an  acid-catalyzed  solvothermal  reaction  be-

tween HATP·6HCl and HCH (Fig. 1a). The successful formation of

Aza-COF-1L  and  Aza-COF-2  was  confirmed  by  FTIR  spec-

troscopy.  The  FTIR  spectrum  of  Aza-COF-1L  (Fig.  1b)  exhibits

two strong bands at 1593 and 1244 cm−1, corresponding to the
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Fig. 1    (a) Schematic of the synthesis process for Aza-COF-1L and Aza-COF-2; (b) FTIR spectra comparison of BTA·4HCl (blue), HCH (red),
Aza-COF-1L  (purple);  (c)  FTIR  spectra  comparison  of  HATP·6HCl  (yellow),  HCH  (red),  and  Aza-COF-2  (orange);  (d)  Experimental  and
simulated  PXRD  patterns  of  Aza-COF-1L  (the  dark  purple  line  plot  represents  the  experimental  pattern,  the  light  purple  scatter  plot
represents  the  simulated  pattern,  and  the  gray  line  plot  corresponds  to  the  difference  profile  between  them);  (e)  Experimental  PXRD
pattern of Aza-COF-2.
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C＝C and C＝N stretching vibrations of the pyrazine functional
groups.  The  absence  of  the  characteristic  NH2 band  at  2961
cm−1 in BTA·4HCl and the C＝O stretching band at 1649 cm−1 in
HCH  confirmed  the  complete  consumption  of  reactants.  The
broad vibrational band observed between 2983 and 3481 cm−1

can be attributed to water molecules adsorbed in the Aza-COF-
1L  pores.  The  FTIR  spectrum  of  Aza-COF-2  (Fig.  1c)  displays
strong bands at  1629,  1514,  and 1427 cm−1,  which are  charac-
teristic of phenazine functional groups. The absence of the NH2

band  (3487–3333  cm−1)  in  HATP·6HCl  and  C＝O  band  (1649
cm−1) in HCH confirmed the complete consumption of the reac-
tants.  The results  showed that  at  200 °C,  the mass  loss  of  Aza-
COF-1L  was  23.9%,  while  that  of  Aza-COF-2  was  4.62%.  The
maximum rate of mass change for the former is –3.94%·min−1 at
117.9 °C, and for the latter, it is –2.81%·min−1 at 290.0 °C (Fig. S1
in the electronic  supplementary  information,  ESI).  Overall,  Aza-
COF-2 exhibited better  thermal  stability.  Moreover,  the perma-
nent porosities of both COFs were assessed through N2 adsorp-
tion-desorption  measurements  at −196  °C  (Fig.  S2  in  ESI).  The
isotherms  of  Aza-COF-1L  and  Aza-COF-2  at −196  °C  (Fig.  S3  in
ESI) show a Type II-like profile with pronounced uptake at high
relative  pressures  and  a  small  hysteresis  loop,  which  suggests
limited accessible microporosity. Aza-COF-1L and Aza-COF-2 ex-
hibited surface areas of 25.77 and 66.11 m2·g−1, respectively.

The crystal structure characteristics of Aza-COF-1L and Aza-
COF-2  were  analyzed  using  PXRD.  The  PXRD  pattern  of  Aza-
COF-1L  (Fig.  1d)  revealed  strong  peaks  at  2θ=7.12°  and
2θ=9.14°  and weaker  peaks at  2θ=14.22°.  These peaks corre-
spond to the (200), (210), and (301) crystal planes. Aza-COF-1L
had a hexagonal pore size of about 12.4 Å. Specifically, a peri-
odic structural model of Aza-COF-1L was constructed and ge-
ometrically  optimized  using  the  Forcite  module  in  Materials
Studio (Fig. S4 in ESI). Based on this optimized model, a simu-
lated  PXRD  pattern  was  generated  and  compared  with  the

experimental PXRD pattern. The revised figure shows that the
simulated  pattern  reproduces  the  key  diffraction  features  of
Aza-COF-1L,  supporting  updated  structural  assignment  and
peak  indexing.  We  simulated  the  AA  and  AB  stacks  of  Aza-
COF-1L, and we further performed Pawley refinement against
the  experimental  PXRD  pattern,  and  obtained  the  fitting
statistics, and found that the synthesized Aza-COF-1L materi-
al was more in line with the AB stack (weighted R-factor (Rwp)
=  11.84%,  R-factor  (Rp)  =  6.75%).  The  PXRD  pattern  of  Aza-
COF-2 (Fig. 1e) showed strong peaks at 2θ=7.84°, 13.42°, and
26.14°,  corresponding  to  the  (100),  (110),  and  (001)  diffrac-
tion  planes,  respectively.  Aza-COF-2  has  a  hexagonal  pore
size of about 11.26 Å. The peak at 2θ=26.14° corresponded to
an interlayer distance of 3.40 Å.

The  morphologies  of  Aza-COF-1L  (Fig.  2a)  and  Aza-COF-2
(Fig. 2b) were examined by SEM. The Aza-COF-1L powder ex-
hibited a  uniformly shaped rod-like structure with diameters
of about 100–200 nm. However, the surface of the Aza-COF-2
powder consisted of small finely ground particles. Both COFs
exhibited a two-dimensional (2D) layered stacked morpholo-
gy.  TEM  images  of  Aza-COF-1L  (Fig.  2c)  and  Aza-COF-2  (Fig.
2d)  revealed  a  layered  sheet  arrangement.  Additionally,  the
TEM  image  of  Aza-COF-1L  shows  distinct  lattice  fringes  (Fig.
2e), confirming the good crystallinity of Aza-COF-1L.

Electrochemical Characterization
The ordered porous structure and high-density pyrazine redox-
active  sites  in  Aza-COF-1L  are  particularly  beneficial  for  Zn2+

storage  in  electrodes.  These  properties  provide  ion  diffusion
channels  and enhance Zn2+ storage efficiency.  To evaluate the
performance of Aza-COF-1L as a potential AZIB cathode materi-
al, electrochemical tests were conducted using a typical coin cell
(Fig. 3a). The cell was assembled with a Zn foil anode, glass fiber
separator, and electrolyte incorporating 2 mol·L–1 ZnSO4 and 0.1
mol·L–1 MnSO4. Fig. 3(b) shows the CV curves of Aza-COF-1L and
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Fig. 2    (a) SEM image of Aza-COF-1L (scale bar: 200 nm); (b) SEM image of Aza-COF-2 (scale bar: 200 nm); (c) TEM image of Aza-COF-1L
(scale bar: 50 nm); (d) TEM image of Aza-COF-2 (scale bar: 50 nm); (e) TEM image of Aza-COF-1L (scale bar: 5 nm, the scale bar of the inset
is 1 nm).
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v

1
2

Aza-COF-2 within a voltage window of 0.01–2 V (versus Zn2+/Zn)
at a scanning rate of 10 mV·s−1. The CV curve of Aza-COF-1L re-
vealed a pair of redox peaks at 1.633 and 0.532 V. The CV curve
of  Aza-COF-2  displayed  redox  peaks  at  0.724  and  0.337  V.  The
enclosed area under the CV curve of  Aza-COF-1L is  larger than
that of Aza-COF-2. The area under the CV curve corresponds di-
rectly to the charge storage capacity of the electrode material. A
larger area indicates a more significant redox reaction within a
specific  voltage window, indicating that  the electrode material
can store or release more charge. This suggests that the Zn/Aza-
COF-1L  battery  had  a  higher  charge  storage  capacity.  The  CV
curves of  Aza-COF-1L,  recorded at different scan rates (Fig.  3c),
revealed a linear relationship between the peak current ( ) and
the square root of the scan rate ( ) (Fig. 3d). This indicated that
the kinetics  of  the redox reactions  were governed by the Zn2+

diffusion  process.  The  Aza-COF-1L  cathode  had  a  Zn  ion  diffu-
sion coefficient of about 6.423×10−8 cm2·s−1, as calculated from
the Randles-Sevcik equation (in ESI).

The cycling stabilities of Zn/Aza-COF-1L and Zn/Aza-COF-2
were evaluated at 0.1, 0.5, and 1 A·g−1 (Figs. 4a–4c). Under the
same cycling conditions, Zn/Aza-COF-1L consistently exhibit-
ed  significantly  higher  specific  capacities  than  those  of  Aza-
COF-2. Notably, Zn/Aza-COF-1L exhibited excellent long-term
cycling  stability  at  1  A·g−1 and  retained  a  capacity  of  136.38
mA·h·g−1 after 800 cycles. After 200 cycles, the capacity reten-
tion  remains  at  64.6%  (Fig.  S5  in  ESI).  The  long-term  cycling
stability of the Aza-COF-1L cathode was further confirmed by
its  near-100%  Coulombic  efficiency  throughout  the  cycling

process. The energy storage behaviors of Zn/Aza-COF-1L and
Zn/Aza-COF-2  are  illustrated  by  their  galvanostatic  charge-
discharge (GCD) curves  at  varying current  densities  (Fig.  4d).
Zn/Aza-COF-1L  exhibits  a  high  initial  specific  capacity  of
368.58 mAh·g−1 at 0.1 A·g−1, with corresponding capacities of
345.96 and 327.82 mAh·g−1 at 0.5 and 1.0 A·g−1,  respectively.
In  contrast,  Zn/Aza-COF-2  achieves  lower  initial  specific  ca-
pacities  of  117.79,  98.02,  and  75.39  mAh·g−1 at  0.1,  0.5,  and
1.0  A·g−1,  respectively,  which  are  significantly  lower  than
those of Aza-COF-1L. To evaluate the fast charge-exchange ki-
netics  during Zn insertion and extraction,  we tested the rate
capability of the cell (Fig. 4e). During the test, the current den-
sity  was  increased  from  0.1  A·g−1 to  2.0  A·g−1 and  then  de-
creased back to 0.1 A·g−1.  Zn/Aza-COF-1L exhibits  reversibili-
ty, with its specific capacity restoring from 263.28 mAh·g−1 to
254.64  mAh·g−1,  resulting  in  a  capacity  recovery  rate  of
96.72%. Conversely, the specific capacity of Zn/Aza-COF-2 re-
covers  from  76.22  mAh·g−1 to  72.61  mAh·g−1,  with  a  95.26%
capacity  recovery.  This  indicates  that  Aza-COF-1L  exhibits
faster charge exchange kinetics during zinc ion insertion and
extraction. The improved performance of Aza-COF-1L can be
attributed to its larger pore size, which shortens the ion diffu-
sion  path,  enhances  ion  migration,  and  optimizes  rate  capa-
bility and capacity. To further clarify the inferior electrochemi-
cal performance of Aza-COF-2, the influence of the structural
and  chemical  differences  between  Aza-COF-2  and  Aza-COF-
1L  was  systematically  analyzed.  Although  both  materials
share  an  aza-linked  framework,  their π-conjugated  building
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units  and  framework  topologies  are  distinctly  different.  Aza-
COF-1L was constructed from pyrazine-based units, resulting
in a higher density of electrochemically active C＝N sites per
unit  mass,  whereas  the  phenazine-based  building  blocks  in
Aza-COF-2  reduced  the  effective  redox  site  density,  thereby
limiting its  Zn2+ storage capacity.  In  addition,  the more rigid
π-conjugated framework of Aza-COF-2 was less adaptable to
repeated Zn2+ insertion/extraction during cycling, which like-
ly contributed to its faster capacity decay. In contrast, the rel-
atively  flexible  framework  of  Aza-COF-1L  enabled  more  re-
versible  redox  reactions  and  improved  cycling  stability.  Col-
lectively, these structural and kinetic factors explain the inferi-
or electrochemical performance of Aza-COF-2. During the re-
covery process,  no significant difference in performance was

observed between the two batteries before and after the ca-
pacity  recovery.  This  indicates  that  the  redox  reactions  in
both systems are reversible. Additionally, we investigated the
effect  of  active  material  loading  on  the  cell  capacity  at  0.5
A·g−1 (Fig.  4f).  The  batteries  exhibit  specific  capacities  of
179.77,  150.99,  and 115.24 mAh·g−1,  corresponding to active
material masses of 1.494, 1.794, and 2.112 mg, respectively. A
lower  active  loading  results  in  a  higher  specific  capacity  for
the  battery.  SEM  analysis  was  performed  to  examine  the
structural  stability  and  morphological  changes  in  the  Aza-
COF-1L  cathode  during  charging  and  discharging.  No  by-
products  or  significant  morphological  changes  were  ob-
served  in  the  electrode  (Fig.  S6  in  ESI),  thus  confirming  the
stability  of  Aza-COF-1L.  These  results  indicate  that  the
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Zn/Aza-COF-1L battery exhibits favorable energy storage per-
formance,  satisfying  the  criteria  of  high  capacity  and  stable
cycling.

Analysis of Charge-discharge Processes
To gain deeper insight into the charge–discharge mechanism of
Aza-COF-1L, ex situ X-ray photoelectron spectroscopy (XPS) was
employed  to  investigate  the  reversibility  of  Zn2+ insertion/ex-
traction at the cathode. The C 1s peak (284.8 eV), corresponding
to the C―C/C＝C species, was used as an internal reference. As
shown  in Figs.  5(a)–5(c),  the  pristine  electrode  exhibited  a  dis-
tinct C＝N peak centered at 287.2 eV, which originated from the
imine  moieties  in  the  Aza-COF-1L  framework.  Upon  discharge,
the intensity of the C＝N peak markedly decreased and a new
peak  appears  at  286.7  eV,  which  can  be  assigned  to  the  re-
duced C―N species.  This  evolution indicated the participation

of imine units in the redox reaction, accompanied by Zn2+ inser-
tion.  Notably,  upon  subsequent  charging,  the  C＝N  peak  was
largely  restored,  whereas  the  C―N  component  diminished,
demonstrating  a  highly  reversible  C＝N  ↔ C ―N  conversion
during repeated Zn2+ insertion/extraction. In contrast, the C＝C
and C―C components showed negligible changes throughout
the charge-discharge process, suggesting that the carbon back-
bone  remained  electrochemically  inert  and  structurally  stable.
These  results  confirm  that  the  reversible  redox  reaction  at  the
nitrogen-containing imine  sites  is  the  dominant  contributor  to
the  capacity  of  Aza-COF-1L,  rather  than  irreversible  structural
degradation or side reactions. Further evidence of the Zn2+ stor-
age mechanism in Aza-COF-1L was obtained from ex situ Fouri-
er-transform  infrared  (FTIR)  spectroscopy  (Fig.  S7  in  ESI).  Com-
pared with the pristine electrode, the FTIR spectrum of the elec-
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trode  discharged  to  0.2  V  exhibits  newly  emerged  absorption
bands in the range of about 955–1213 cm–1, which are attribut-
ed  to  the  coordination  interaction  between  Zn2+ ions  and  the
nitrogen  atoms  in  the  pyrazine  units.  These  coordination-in-
duced  vibrational  features  disappear  upon  subsequent  charg-
ing,  indicating  the  effective  decoordination  and  extraction  of
Zn2+ ions from the Aza-COF-1L framework.[52] The reversible ap-
pearance and disappearance of these bands further corroborat-
ed  the  dynamic  and  reversible  Zn2+–N  coordination  process
during  cycling.  Such  reversible  coordination  behavior  plays  a
crucial role in stabilizing redox-active imine sites and enhancing
Zn2+ utilization,  thereby contributing to the high reversible ca-
pacity  observed  for  Aza-COF-1L.  Notably,  the  C＝C  expansion
band  (1554–1659  cm−1)  remains  unchanged  throughout  the
battery  cycle.  This  confirms that  the C＝C bond does not  con-
tribute to the observed total  specific  capacity  as  an active site,
and  highlights  the  structural  stability  of  the  Aza-COF-1L  cath-
ode. Ex situ C 1s XPS (Figs. 5a–5c) and FTIR spectroscopy (Fig. S7
in ESI) revealed a highly reversible C＝N ↔ C―N coordination/
redox  process  associated  with  Zn2+ insertion/extraction,  while
SEM images after cycling (Figs. 5d–5f and Fig. S6 in ESI) showed
no obvious byproduct formation or morphological degradation.
These  results  collectively  demonstrated  the  structural  stability
and reversibility of Aza-COF-1L during cycling.

CONCLUSIONS

In this study, we investigated the potential of crystalline porous
Aza-COF-1L as a ZIB cathode. Aza-COF-1L was synthesized by a
simple,  fast,  and  efficient  light-assisted  method.  The  dense
pyrazine-based redox-active sites in Aza-COF-1L, combined with
its uniform porous structure and structural stability, facilitate the
storage and diffusion of Zn ions. The AZIBs assembled with the
Aza-COF-1L electrode exhibited excellent initial  specific capaci-
ties  at  different  current  densities.  Within  the  current  density
range  of  0.1–2  A·g−1,  the  battery  achieved  excellent  rate  capa-
bility. The Zn/Aza-COF-1L battery exhibited an initial capacity of
368.58 mAh·g−1 at 0.1 A·g−1. After 800 cycles at 1 A·g−1, the bat-
tery retained a specific capacity of 136.38 mAh·g−1.  In contrast,
the Zn/Aza-COF-2 battery featured an initial  capacity of  117.79
mAh·g−1 at  0.1 A·g−1,  and its  capacity rapidly decreased during
cycling. In addition, the mechanism of zinc ion insertion into the
C＝N bond in  the  pyrazine active  site  of  the  Aza-COF-1L  cath-
ode  was  investigated  experimentally.  It  should  be  noted  that,
while this work systematically investigated the cycling stability,
rate capability, and Zn2+ storage mechanism of Aza-COF-based
aqueous ZIBs, other practical performance metrics,  such as cal-
endar life and self-discharge behavior, were not evaluated in the
present  study.  These  factors  are  strongly  influenced  by  long-
term  interfacial  stability,  electrolyte-electrode  interactions,  and
parasitic  side  reactions  in  aqueous  systems.  A  comprehensive
assessment  of  the  calendar  life  and  self-discharge  characteris-
tics will be the subject of future investigations aimed at further
advancing the practical applicability of Aza-COF-based cathode
materials. The excellent performance of the Zn/Aza-COF-1L bat-
tery  highlights  its  potential  for  designing  high-performance,
sustainable COF cathodes for AZIBs.
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Aza-COF-1L  with  dense  pyrazine  redox  sites  was  synthe-
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pacity and stability as a superior cathode for zinc-ion bat-
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