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ABSTRACT: Developing  organic  cathodes  that  combine
robust  electrochemical  performance with  functional  versatility
is  pivotal  for  the  advancement  of  aqueous  zinc-ion  batteries
(ZIBs).  Herein,  we  design  a  bipolar  polymer-graphene
composite  cathode,  poly(1,8-diaminonaphthalene)-reduced
graphene  oxide  (PDAN-rGO),  through  in  situ  polymerization
on  graphene  sheets.  The  conductive  graphene  network  and
bipolar redox-active polymer synergistically enable a dual-ion
storage  mechanism  involving  both  Zn2+  and  CF3SO3

−.  The
PDAN-rGO  cathode  delivers  a  high  reversible  capacity  of
162.67  mAh·g−1  at  0.1  A·g−1,  excellent  rate  performance
(101.12 mAh·g−1 at 20 A·g−1), and outstanding cycling stability
with  89.18%  capacity  retention  after  10,000  cycles.  Notably,
the  cathode  exhibits  a  thermodynamically  favorable  redox
potential  that  allows  spontaneous  chemical  oxidation  by
atmospheric  oxygen,  leading  to  an  efficient  self-charging
function.  The  battery  achieves  an  open-circuit  voltage  of
1.25  V  and  recovers  95.2%  of  its  capacity  without  any
external  power  input.  This  work  offers  a  high-performance
bipolar cathode design and a feasible strategy for building self-
sustaining energy storage systems.
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 1    Introduction
The growing global  energy demand and increasing environmental
concerns have intensified the need for clean and sustainable energy
storage  technologies  [1, 2].  To  accelerate  the  adoption  of  clean
energy,  electrochemical  energy  storage  devices  have  garnered
significant  attention  and  exhibit  considerable  potential  [3].  A
multitude  of  secondary  batteries  have  been  developed,  including
lithium-ion  batteries  (LIBs),  sodium-ion  batteries  (SIBs),  zinc-ion
batteries  (ZIBs),  and  so  on  [4−7].  LIBs  have  an  extremely  high
energy density and are one of the most mature technologies in the

energy  storage  field  at  present,  which  have  been  applied  in  the
commercial  field  [8].  Nonetheless,  the  concerning  safety  profile  of
organic LIBs and the scarcity of lithium resources have significantly
impeded  their  advancement  in  the  energy  storage  domain  [9].
Consequently, to circumvent the limitations of the aforementioned
LIBs,  a  proliferation  of  safe  and  reliable  aqueous  batteries  has
emerged, generating considerable research interest [10].

Aqueous ZIBs demonstrate several advantages,  including a high
theoretical capacity (820 mAh·g−1 and 5855 mAh·cm−3), a low redox
potential  (−0.763  V  vs.  standard  hydrogen  electrode  (SHE)),
enhanced safety, intrinsic safety, and natural abundance [11]. These
characteristics  make  them  strong  candidates  for  next-generation
energy  storage  systems.  Recently,  various  inorganic  cathode
materials,  such  as  MnO2,  V2O5,  vanadium-based  derivatives,  and
Prussian blue analogs, have been explored as ZIB cathodes [12−15].
However,  the  continuous  insertion  and  extraction  of  Zn2+ ions
during the charge/discharge process can lead to structural collapse,
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causing  reduced  specific  capacity  and  cycling  stability  [16, 17].
Furthermore,  the  synthesis  of  inorganic  materials  with  complex
structures is often inefficient, and their potential toxicity challenges
their  long-term  sustainability  and  commercialization  [15, 18−20].
In contrast, organic electrode materials have garnered considerable
attention  due  to  their  environmentally  friendly,  sustainable,  and
cost-effective  nature,  providing  a  greener  alternative  to  traditional
metal-based electrodes.  Organic  compounds,  including conjugated
polymers  and  small  organic  molecules,  often  exhibit  high
theoretical  capacities  owing  to  their  multi-electron  transfer
capability  during  charge/discharge  cycles  [21, 22].  However,  the
application  of  organic  materials  is  hindered  by  their  relatively  low
electrical  conductivity,  which  limits  power  density  and  overall
performance,  as  well  as  by  their  susceptibility  to  capacity
degradation  and  structural  instability  during  prolonged  cycling
[23−28].  To address these limitations,  researchers have focused on
developing  composite  electrodes  by  integrating  highly  conductive
materials,  such  as  graphene,  activated  carbon  (AC),  and  MXene
[29−31].  These  composite  materials  provide  additional  active  sites
for  embedding  organic  polymers,  mitigate  volume  expansion
during  cycling,  and  enhance  overall  electrochemical  performance.
By  combining  the  advantages  of  both  organic  and  conductive
materials,  composite  electrodes  achieve  high  specific  capacity,
excellent rate capability, and superior long-term cycling stability.

In addition, a large amount of O2 exists in the air, and its ability
to  participate  in  various  redox  reactions  has  attracted  much
attention  in  the  field  of  energy  storage  [23, 30, 32].  Therefore,
combining the chemical energy of oxygen with the electrical energy
in  the  electrode  material  is  an  extremely  efficient  energy  storage
method  [33].  Crucially,  a  discharged  polymer  cathode
(electrochemically  reduced  in  aqueous  electrolyte)  can  be
spontaneously  re-oxidized  directly  by  ambient  air.  This  air-driven
oxidation  effectively  mirrors  the  electrochemical  charging  process,
enabling the development of self-charging aqueous ZIBs. Such air-
rechargeable  systems  hold  significant  promise  for  large-scale
sustainable  power  generation.  For  instance,  Wang and co-workers
demonstrated  a  self-charging  ZIB  using  1,5-naphthalenediamine-
derived polymer,  which reaches a charged state upon air  exposure
[23].  Recently,  several  organic  electrodes  have  been  developed  as
cathodes for self-charged ZIBs. These all prove the feasibility of self-
charging ZIBs.  Therefore,  the  cathode materials  play a  crucial  role
in  the  self-charging  performance  of  self-charging  ZIBs.  So  far,  the
self-charging  properties  of  some  organic  cathodes  have  been
reported, such as poly(1,5-naphthalenediamine) (poly(1,5-NAPD)),
poly(4-hydroxy-diphenylamine)  (HDPA),  and  benzo[i]benzo[6,7]
quinoxalino[2,3-a]benzo[6,7]quinoxalino  [2,3-c]phenazine-5,8,13,
16,21,24-hexaone  (BQPH)  [23, 34, 35].  For  poly(1,5-NAPD),
BQPH,  and  HDPA,  they  require  about  12  h  to  achieve  the  fully
charged  state  by  air  oxidation  [23, 34, 35].  However,  the  amino-
containing polymers, such as polyaniline (PANI), generally showed
low  discharge  median  voltage  at  ~  0.7  V.  For  a  practical  self-
charging ZIBs, the high voltage plateau, high areal capacity, and less
self-charging  time  of  the  cathode  are  critical  issues  to  evaluate  the
power  capability.  Su  et  al.  blended  PANI  with  Pt/C  catalyst  to
accelerate  the  self-charging  rate,  making  the  composite  cathode
fully air-charged in 12 h [36].  Without Pt/C, the discharged PANI
cathode can only reach half-charged state even exposed to air for a
few days. Li et al. reported poly(4,4́-diaminodiphenylamine) coated
on  AC  can  be  fully  air-charged  in  3  h,  reaching  an  open  circuit
voltage of 1.2 V [30]. Xu et al. developed HDPA onto mesoporous

activated  carbon  and  showed  a  relatively  high  discharge  voltage
plateau  at  ~  1.1  V  [34].  Thus,  it  remains  a  challenge  to  develop
organic  cathode  materials  that  combine  high  discharge  voltage,
rapid self-charging, and high capacity.

Herein,  we  report  a  bipolar-type  polymer-graphene  composite
(poly(1,8-diaminonaphthalene)-reduced  graphene  oxide  (PDAN-
rGO)),  synthesized  via in  situ polymerization  of  1,8-
diaminonaphthalene  (1,8-DAN)  on  graphene  oxide,  followed  by
solvothermal  reduction.  The  composite  serves  as  a  high-
performance  cathode  for  aqueous  ZIBs,  delivering  high  capacity
(162.67  mAh·g−1 at  0.1  A·g−1),  exceptional  rate  performance,  and
long-term  cyclability  (89.18%  of  its  initial  capacity  after
10,000 cycles). More importantly, the material exhibits efficient self-
charging  behavior  upon  air  exposure,  achieving  an  open-circuit
voltage (OCV) of 1.25 V and a high cumulative discharge capacity
of  2216.6  mAh·g−1.  This  work  provides  a  feasible  strategy  toward
high-voltage,  fast  self-charging  ZIBs  using  rationally  designed
polymer-graphene composites.

 2    Experimental

 2.1    Materials
1,8-DAN,  zinc  trifluoro-methanesulfonate  (Zn(CF3SO3)2),  and
ammonium  persulfate  (APS)  were  purchased  from  Shanghai
Aladdin  Biochemical  Technology  Co.,  Ltd.  Polyvinylidene
fluoride  (PVDF,  HSC  900)  was  supplied  by  Arkema.
Polytetrafluoroethylene  (PTFE)  emulsion  (D210C,  60  wt.%
dispersion  in  H2O)  was  obtained  from  Daikin  Industries.  Zn  foil
(99.995%,  100  μm)  was  obtained  from  Wuhan  Luojia  Yanxin
Technology Co., Ltd. Glass fiber was obtained from Shanghai Jieyi
Biotechnology Co., Ltd. N,N-Dimethylformamide (DMF) was used
as  received  from  Tianjin  Lianlong  Chemical  Co.,  Ltd.  GO  was
synthesized  via  a  modified  Hummers  method.  All  experiments
were  performed  using  deionized  (DI)  water  and  analytical-grade
chemical reagents without further purification.

 2.2    Preparation  of  graphene-PDAN  composite  (PDAN-
rGO)
Composites with different mass ratios of 1,8-DAN to GO (denoted
as  PDAN-rGO-x,  where x =  1–7)  were  synthesized  by in  situ
oxidative  polymerization  of  1,8-DAN  in  the  presence  of  GO,
followed by solvothermal  reduction.  In  a  typical  procedure,  0.02  g
of GO was dispersed in 40 mL of DMF by bath sonication to form
a  homogeneous  suspension.  Under  vigorous  stirring,  0.1  g  of  1,8-
DAN was added to the mixture.  Then,  50 mL of  an aqueous HCl
solution  containing  0.25  g  of  APS  was  added  dropwise  while
maintaining the temperature below 0 °C. After stirring for 12 h, the
resulting  suspension  was  transferred  into  a  100  mL  Teflon-lined
autoclave and heated at 180 °C for 12 h. The product was collected
by  centrifugation  after  cooling  to  room  temperature,  washed
repeatedly  with  acetone  and  DI  water,  and  finally  freeze-dried  to
obtain PDAN-rGO [37].

PDAN-rGO-x composites were prepared by varying the ratio as
follows: 1:2, 1:2.5, 1:1, 2.5:1, 5:1, 7.5:1, and 10:1.

Pristine  PDAN  was  synthesized  via  chemical  oxidative
polymerization. Briefly, 0.2 g of 1,8-DAN was dissolved in 80 mL of
DMF.  Then,  0.5  g  of  APS  in  100  mL  of  0.1  M  HCl  was  added
dropwise  to  the  mixture  under  vigorous  stirring,  maintaining  the
temperature  below  0  °C.  The  polymerization  proceeded  for  12  h.
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The  resulting  precipitate  was  collected  by  centrifugation,  washed
sequentially with DI water and acetone, and freeze-dried.

Subsequently,  PDAN/rGO  composite  was  prepared.  Typically,
pre-synthesized  PDAN  (0.1  g)  was  mixed  with  a  GO  suspension
(0.02  g)  and  ultrasonicated  for  30  min.  The  mixture  underwent
hydrothermal  treatment  in  a  Teflon-lined  autoclave  at  180  °C  for
12  h.  The  product  was  collected,  washed,  and  dried  following  the
same procedures as pristine PDAN.

 2.3    Material characterization
The  morphology  of  the  composites  was  observed  by  scanning
electron  microscopy  (SEM,  Hitachi  S4800)  and  transmission
electron microscopy (TEM, Talos 200c). Fourier transform infrared
(FT-IR, Thermo Fisher Nicolet iS5) spectra were recorded from 400
to 4000 cm−1. The chemical states of elements in PDAN and PDAN-
rGO  composites  were  analyzed  by  X-ray  photoelectron
spectroscopy  (XPS,  PHI-5702). In  situ FT-IR  measurements  were
performed using a Nicolet Nexus 670 spectrometer. In situ Raman
spectroscopy  was  performed  on  a  LabRAM  HR  Evolution
spectrometer using an excitation laser wavelength of 473 nm.

 2.4    Electrochemical measurements
The cathode slurry was prepared by mixing PDAN-rGO, acetylene
black,  and  PVDF  in  a  mass  ratio  of  6:2:2  in  DMF.  It  was  coated
onto carbon paper (diameter:  10 mm and thickness:  1.5 mm) and
dried to form the cathode.  The typical  active material  loading was
about 1.5 mg·cm−2. Higher mass loadings (about 7.18 mg·cm−2) were
achieved  by  pressing  a  film  composed  of  PDAN-rGO,  acetylene
black, and PTFE in a 6:2:2 ratio. ZIB coin batteries were assembled

using  the  as-prepared  cathode,  zinc  foil  anode,  and  glass  fiber
separator,  with  2  M  Zn(OTF)2 (OTF  refers  to  trifluorome-
thanesulfonate)  as  the  electrolyte.  Cyclic  voltammetry  (CV)  was
recorded  on  a  CHI  660E  electrochemical  workstation  from  0  to
1.7  V  at  scan  rates  of  1–5  mV·s−1 for  kinetic  analysis.
Electrochemical impedance spectroscopy (EIS) measurements were
conducted  over  a  frequency  range  of  0.01  to  100,000  Hz.
Galvanostatic charge–discharge (GCD) tests were performed using
a  LAND  testing  system  (CT3004A)  at  current  densities  ranging
from 0.1 to 20 A·g−1 to evaluate rate capability and cycling stability.

 3    Results and discussion
The  PDAN-rGO  composite  was  synthesized  through in  situ
chemical oxidation polymerization of 1,8-DAN on graphene sheets.
The anticipated structure of  the resulting graphene-based polymer
composite  and  its  energy  storage  mechanism  in  2  M  Zn(OTF)2

electrolyte  are  illustrated  in Fig.  1.  The  PDAN-rGO  structure
features abundant imine (=N–) and amine (–NH–) groups, which
serve  as  the  primary active  sites  for  electrochemical  reactions.  The
extensive  conjugated  system  of  graphene  contributes  a  high
number  of  delocalized  electrons,  significantly  enhancing  the
electrical conductivity of the composite [38].

The  morphology  and  microstructure  of  the  PDAN-rGO
composite were characterized by SEM (Fig. 2(a) and Fig. S1 in the
Electronic Supplementary Material (ESM)) and TEM (Fig. 2(b) and
Fig.  S2  in  the  ESM).  Unlike  pure  PDAN,  which  forms  severely
agglomerated  spherical  particles  that  limit  its  electrochemical
performance  (Figs.  S1(i)  and  S2(i)  in  the  ESM),  the  PDAN-rGO

 

Figure 1    Schematic illustration of the charge storage mechanism and application of PDAN-rGO composites in ZIBs with 2 M Zn(OTF)2 electrolyte.
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composite  exhibits  a  dominant  graphene-like  layered  structure,  in
which  the  graphene  framework  effectively  inhibits  the
agglomeration of PDAN. Furthermore, the uniform distribution of
C,  N,  and  O  elements,  as  confirmed  by  energy  dispersive  X-ray
spectroscopy (EDS) mapping (Fig. 2(h)), verifies the homogeneous
anchoring  of  PDAN  (N  signal)  on  the  graphene  sheets,  which
contain residual oxygen-containing groups (O signal). This unique
architecture  is  expected  to  significantly  enhance  the  electrical
conductivity of the PDAN-rGO composite.

FT-IR  spectroscopy  was  employed  to  characterize  the  chemical
structures  of  PDAN-rGO  composites  with  different  mass  ratios
(Fig.  2(c)).  The  spectra  show  characteristic  absorption  bands  at
approximately  3100  cm−1 (N–H  stretching),  1630  cm−1 (C=N
stretching),  1600  cm−1 (C=C/C=O  vibrations  and  N–H  bending),
and  1270  cm−1 (C–N  stretching),  as  well  as  at  1043,  816,  and
758 cm−1 (C–H bending modes) [39]. XPS analysis further confirms
the  successful  polymerization  of  1,8-DAN  on  the  graphene
substrate,  as evidenced by the presence of C 1s,  N 1s,  and O 1s in
XPS  spectra  (Fig.  2(d)).  The  high-resolution  C  1s  spectra  can  be
deconvoluted  into  five  components  located  at  binding  energies  of
approximately  284.8  eV  (C–C/C=C),  285.4  eV  (C–N),  286.5  eV
(C–O),  289.0 eV (O–C=O),  and 290.6 eV (C=N/C=O) (Fig.  2(e)).
The N 1s spectrum exhibits three fitted peaks centered at 395.7 eV
(C–N), 397.9 eV (N–H), and 399.7 eV (C=N) (Fig. 2(f)), indicating
the presence of different nitrogen environments consistent with the
PDAN  structure.  The  O  1s  spectrum  reveals  contributions  from
C–OH  (527.2  eV),  C=O  (528.6  eV),  and  HO–C=O  (531.1  eV)
(Fig. 2(g)), suggesting that oxygen-containing functional groups are
partially  retained  in  the  rGO  framework  after  hydrothermal
treatment [40]. The coexistence of these bonding states, particularly
the C=N and C–N species in both C 1s and N 1s spectra, provides

clear  evidence  for  the  successful  formation  of  PDAN-rGO
composites [41].

The  electrochemical  performance  of  the  PDAN-rGO-x
composites was evaluated as cathode materials in Zn//PDAN-rGO-
x half-cells  with  2  M  Zn(OTF)2 aqueous  electrolyte.  CV
measurements  were  conducted  at  scan  rates  ranging  from  1  to
5 mV·s−1 (Fig.  3(a) and Figs.  S3(a),  S4(a),  S5(a),  S6(a),  S7(a),  S8(a),
and  S9(a)  in  the  ESM).  All  CV  curves  exhibit  a  pair  of  reversible
redox peaks centered at approximately 1.01 and 0.68 V, which can
be  attributed  to  the  reversible  Zn2+ insertion/extraction  (n-type
behavior)  of  the  composite.  As  the  voltage  approaches  1.7  V,  the
CV  curves  evolve  into  a  more  rectangular  shape,  suggesting  an
increasing contribution of  capacitive charge storage.  This  behavior
is  associated  with  the  surface  adsorption/desorption  of  CF3SO3

−

anions (p-type behavior)  on the electrode.  GCD tests  were carried
out at  various current  densities  ranging from 0.1 to 20 A·g−1 (Figs.
S3(b),  S4(b),  S5(b),  S6(b),  S7(b),  S8(b),  and  S9(b)  in  the  ESM).
Among  all  composites,  PDAN-rGO-5  exhibits  the  highest  specific
capacity  of  162.7  mAh·g−1 at  0.1  A·g−1 (Figs.  3(b) and 3(c)).
Remarkably,  it  still  delivers  101.01  mAh·g−1 at  20  A·g−1,
demonstrating excellent rate capability. When the current density is
switched back to 0.1 A·g−1, the capacity returns to its original value,
underscoring  outstanding  electrochemical  reversibility.  This
superior  performance  is  further  corroborated  by  EIS  analysis  (Fig.
S10  in  the  ESM).  The  Nyquist  plot  of  PDAN-rGO-5  shows  a
significantly smaller semicircle diameter. The corresponding charge
transfer resistance (Rct) is calculated to be 101.6 Ω, markedly lower
than  that  of  the  control.  This  minimized  resistance  indicates
superior electron and ion transport efficiency, directly contributing
to  its  outstanding  electrochemical  performance.  The  superior
performance of PDAN-rGO-5 is attributed to its porous structure,

 

Figure 2    (a) SEM image and (b) TEM image of PDAN-rGO-5. (c) FT-IR spectra of PDAN-rGO. (d) XPS spectra of PDAN-rGO. ((e)–(g)) High-resolution spectra of (e)
C 1s, (f) N 1s, and (g) O 1s. (h) TEM image of PDAN-rGO-5 and the corresponding EDS mapping of C, N, and O element distributions on PDAN-rGO-5.
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enabled  by  rGO  incorporation,  which  facilitates  efficient  Zn2+

diffusion  and  rapid  charge  transfer,  thus  improving  zinc  storage
kinetics [42].

To elucidate  the  synergistic  effect  within  the  composite,  control
experiments were performed on pristine components and a mixed
preparation sample (Figs.  S11–S14 in the ESM).  Pristine rGO and
PDAN  delivered  limited  capacities  of  69  and  34  mAh·g−1 at
0.1 A·g−1,  respectively. Moreover, the PDAN/rGO control yielded a
capacity  of  only  118  mAh·g−1,  confirming  that  the  intimate
molecular-level  contact  facilitated  by in  situ polymerization  is
critical  for  maximizing  electrochemical  performance.  The  Ragone
plot  demonstrates  that  the  Zn//PDAN-rGO-5  battery  achieves  a
high  energy  density  of  120.97  Wh·kg−1 at  a  power  density  of
75.42 W·kg−1 (Fig. S15 in the ESM). Furthermore, the PDAN-rGO-
5 exhibits  exceptional  long-term cycling  stability,  retaining 89.18%
of  its  capacity  (100.73  mAh·g−1)  after  10,000  cycles  at  10  A·g−1

(Fig.  3(d)).  GCD curves recorded at  the 1000th,  5000th,  and 10,000th

cycles  (Fig.  S16  in  the  ESM)  display  highly  consistent  voltage
plateaus,  verifying  the  robust  redox  reversibility  of  the  material.
This  outstanding  durability  suggests  excellent  structural  stability,
surpassing that of many recently reported ZIB cathodes (Fig.  3(e))
[33, 43−51].  Additionally,  the  practical  potential  of  PDAN-rGO-5
was examined using high mass-loading electrodes (~ 7.18 mg·cm−2).
The electrode delivers a specific capacity of 115 mAh·g−1 at 0.2 A·g−1

(Fig.  3(f)).  Impressively,  it  retains  ~  75%  of  this  capacity  even  at

10 A·g−1 and recovers to ~ 116 mAh·g−1 when the current is restored
to  0.2  A·g−1,  demonstrating  excellent  kinetic  stability.  Long-term
cycling  at  1  A·g−1 further  confirms  its  durability,  with  a  capacity
retention of 73.64% (82.5 mAh·g−1) after 1400 cycles (Fig. 3(g)).

With its high capacity, excellent rate performance, and long-term
cycling  stability,  PDAN-rGO-5  demonstrates  great  potential  as  a
cathode  material  for  advanced  aqueous  ZIB.  The  electrochemical
kinetics  of  the  PDAN-rGO-5  composite  cathode  were
systematically  investigated  to  elucidate  its  charge  storage
mechanism.  As  the  scan  rate  increases  from  0.2  to  1  mV·s−1,  the
PDAN-rGO-5  cathode  exhibits  only  a  minimal  peak  shift,
demonstrating excellent electrochemical reversibility (Fig. 4(a)). The
b-values  derived  from the  relationship i  =  aνb,  where i is  the  peak
current, ν is the scan rate, and a and b are empirical parameters. As
shown in Fig. 4(b), the b values were calculated to be 0.881 for the
anodic  peak  and  0.886  for  the  cathodic  peak,  suggesting  that  the
charge-storage  process  is  predominantly  capacitive-controlled.  In
contrast,  the b-value  of  pure  PDAN was  significantly  lower  (0.679
and 0.514), suggesting slower kinetics and a more diffusion-limited
process  (Fig.  S12  in  the  ESM).  This  comparison  highlights  the
critical  role  of  graphene  in  enhancing  the  reaction  kinetics  of  the
composite.  To  further  quantify  the  contribution  of  capacitive  and
diffusion-controlled  processes,  the  current  response  was
deconvoluted using the equation i = k1v + k2v0.5, where k1 and k2 are
constants.  Here, k1v and k2v0.5 represent  the  current  contributions

 

Figure 3    (a) CV curves of PDAN-rGO-5 from 1 to 5 mV·s−1. (b) Rate performance of PDAN-rGO-x. (c) GCD curves of PDAN-rGO-x at 0.1 A·g−1. (d) Cycle stability of
PDAN-rGO-5 at 10 A·g−1. (e) Comparison of cycle performance between PDAN-rGO-5 and some recently reported organic cathodes. (f) Rate performance of PDAN-
rGO-5 at 7.18 mg·cm−2. (g) Cycle stability of PDAN-rGO-5 at 1 A·g−1 with high mass-loading.
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DZn2+

DZn2+

from capacitive and diffusion processes, respectively. The capacitive
contribution increased from 86.98% to 97.08% as the scan rate rose
from  0.2  to  1  mV·s−1 (Figs.  4(c) and 4(d)),  confirming  the  highly
surface-driven  behavior  of  PDAN-rGO-5.  Such  prominent
capacitive  characteristic  facilitates  efficient  ion  transport  and  rapid
reaction  kinetics,  which  are  responsible  for  the  excellent  rate
performance of the Zn//PDAN-rGO-5 batteries. It is worth noting
that  the  capacity  is  primarily  contributed  by  the  n-type  (Zn2+

storage)  reaction  (Fig.  S17  in  the  ESM),  whereas  the  p-type
(CF3SO3

− storage)  reaction  accounts  for  only  a  minor  portion
(10.79%).  Furthermore,  galvanostatic  intermittent  titration
technique  (GITT)  measurements  (Fig.  S18  in  the  ESM)  were
conducted to determine the Zn2+ diffusion coefficients ( ). The
calculated  values  range  from  10−10 to  10−9 cm2·s−1 throughout
the  charge/discharge  process,  further  confirming  that  the
conductive  rGO  network  enables  efficient  ion  diffusion  and
superior rate capability.

Density functional theory (DFT) calculations were conducted to
investigate  the  electronic  properties  and  the  electrochemical
evolution of PDAN during electrochemical process. The energy gap
(ΔE) between the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) was calculated to
be 2.11 eV (Fig.  5(a)),  indicating semiconductor-like behavior that
supports electron transport in the electrode [52, 53]. The molecular
electrostatic  potential  (MESP)  surface  reveals  distinct  charge
distributions:  electron-rich  (blue)  regions  correspond  to  C=N
groups (Fig. 5(b)), which serve as active sites for Zn2+ uptake during
discharge,  while  electron-deficient  (red)  regions  around –NH–
moieties  facilitate  CF3SO3

− adsorption  during  charging.  Geometry

optimization confirms the formation of a PDAN2(Zn2+)2 complex in
the discharged state, where Zn2+ ions bridge adjacent PDAN chains.
Thermodynamically,  the  binding  Gibbs  free  energy  change
(ΔGbinding) for the formation of PDAN(Zn2+) is −1.41 eV, indicating a
spontaneous  discharge  process,  whereas  the  ΔGbinding for  CF3SO3

−

adsorption is +0.52 eV, consistent with an endergonic charging step
(Fig. 5(b) and Table S1 in the ESM). These results corroborate the
bipolar ion-storage behavior of PDAN.

In situ Raman and FT-IR spectroscopy were performed to clarify
the energy storage mechanism of  the  PDAN-rGO composite.  The
in situ Raman measurements were conducted using GCD curves at
0.1 A·g−1 (Fig. 5(c)). In situ Raman spectra show that the intensity of
the C=N vibration peak at 1441 cm−1 decreases upon discharge and
recovers  during  charging  (Figs.  5(d) and 5(e)),  indicating  that  the
C=N group acts as a redox-active center. This reversible change was
further  confirmed  by in  situ FT-IR  analysis  (Fig.  5(g)),  which
utilized  CV  curves  at  1  mV·s−1 (Fig.  5(f)).  During  discharge,  the
intensities of the C–N (1225 cm−1) and aromatic C–H (1085 cm−1)
stretching vibrations increase, suggesting the conversion of C=N in
non-aromatic rings to C–N in aromatic rings. Upon charging, these
peaks  diminish,  demonstrating  high  reversibility  of  the  redox
process.

Additionally,  the  PDAN-rGO-5  composite  demonstrates
excellent  Zn2+ storage  performance.  It  also  exhibits  a  unique
capability for spontaneous self-charging in air. Mechanistically, the
charging  process  involves  the  oxidation  of  the  cathode,
accompanied  by  the  extraction  of  Zn2+ ions  to  maintain  charge
neutrality.  While  this  is  typically  driven  by  an  external  power
supply, it can also occur chemically if a suitable oxidant provides a

 

Figure 4    (a) CV curves of Zn//PDAN-rGO-5 from 0.2 to 1 mV·s−1. (b) The linear logarithm relationships between anodic and cathodic peak current versus the scan rate
of CV curve. (c) Capacitive distribution ratios. (d) Capacitive distribution ratios at 1 mV·s−1.
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thermodynamic  driving  force  [54].  To  validate  this  theoretical
feasibility,  the  redox  potentials  were  analyzed.  As  shown  in
Fig.  3(a),  the  reduction  potential  of  PDAN-rGO-5  is  0.65  V  vs.
Zn2+/Zn.  According  to  the  Nernst  equation,  this  corresponds  to
−0.11  V  vs.  SHE.  In  contrast,  oxygen  (O2),  which  is  abundant  in
ambient  air,  possesses  a  standard  electrode  potential  (Eθ)  of
approximately 0.40 V (neutral medium) to 1.23 V (acidic medium)
vs.  SHE  [55].  Since  the  reduction  potential  of  O2 is  significantly
higher  than  the  oxidation  potential  of  PDAN-rGO-5  (−0.11  V),
oxygen  can  spontaneously  accept  electrons  from  the  discharged
cathode.  Consequently,  the  PDAN-rGO-5  is  chemically  oxidized,
and  Zn2+ ions  are  extracted  from  the  cathode  matrix  without
external  energy  input  until  the  system  reaches  equilibrium
(Fig. 6(a)).

To  evaluate  this  property,  Zn//PDAN-rGO-5  batteries  were
assembled and subjected to self-charging tests. Figure 6(c) illustrates
the OCV recovery of a fully discharged battery exposed to air. The
OCV rapidly recovered to 1.2 V within 5 h and eventually saturated
at 1.25 V after 10 h. This rapid voltage recovery places the PDAN-
rGO-5  composite  among  the  state-of-the-art  materials  for  self-
charging ZIBs [23, 56−59]. The efficiency and rate capability of the
self-charged battery were further assessed by discharging the battery
after a 10 h self-charging period (Fig. 6(b)). At 0.2 A·g−1, the battery

delivered a specific  capacity of  144.21 mAh·g−1,  which corresponds
to  95.2%  of  the  capacity  obtained  via  galvanostatic  charging
(151.47  mAh·g−1).  The  high  capacity  retention  suggests  that  the
majority  of  the  redox-active  sites  in  PDAN-rGO-5  are  effectively
oxidized  by  atmospheric  oxygen.  Furthermore,  the  battery
exhibited  excellent  rate  capability,  delivering  capacities  of  90.63,
74.63, 59.0, 48.5, 39.4, and 27.2 mAh·g−1 at current densities of 0.5,
1, 2, 3, 5, and 10 A·g−1, respectively. The self-charging efficiency was
evaluated  by  comparing  discharge  profiles  with  those  from
conventional  electrochemical  charging  at  0.2  A·g−1 (Fig.  S19  in  the
ESM).  The  self-charged  battery  exhibits  a  slightly  lower  voltage
plateau,  attributed  to  thermodynamic/kinetic  limitations  and
polarization  losses  at  the  solid–liquid–gas  three-phase  interface.
Nevertheless,  PDAN-rGO-5  successfully  recovers  most  of  its
discharge  capacity  while  maintaining  a  stable  voltage  plateau,
demonstrating  its  robust  self-charging  capability.  To  elucidate  the
synergistic  mechanism,  control  experiments  were  conducted  on
pristine PDAN and rGO (Fig.  S20 in the ESM). Although pristine
PDAN  exhibits  intrinsic  redox  plateaus,  it  delivers  a  limited
capacity  of  40.7  mAh·g−1 at  0.2  A·g−1 and  suffers  from  poor
structural  stability  due  to  the  absence  of  a  conductive  skeleton.
Consequently, the electrode degrades rapidly after high-rate cycling
(10  A·g−1),  resulting  in  self-charging  failure.  Conversely,  pristine

 

Figure 5    (a) Optimized structure and calculated frontier molecular orbital energy of PDAN. (b) ΔGbinding of PDAN molecules upon binding with Zn2+ cations and CF3SO3
−

anions and calculated MESP distributions of PDAN, PDAN2(Zn2+)2,  and PDAN(CF3SO3
−)2 complexes. (c) GCD curves at 0.1 A·g−1.  ((d) and (e)) In situ Raman spectra.

(f) CV curve at 1 mV·s−1. (g) In situ FT-IR spectra.
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rGO  yields  a  capacity  of  69.8  mAh·g−1 at  0.2  A·g−1 but  displays  a
linear,  capacitive  discharge  profile  devoid  of  voltage  plateaus,
reflecting  its  lack  of  redox  centers.  This  contrast  highlights  the
critical  synergy  within  the  composite,  where  the  rGO  network  is
essential  for  maintaining  the  structural  integrity  and  electrical
conductivity required for stable, reversible self-charging.

The long-term stability of the chemical self-charging process was
evaluated by repeating a cycle of galvanostatic discharge (to 0 V at
0.5 A·g−1) followed by a 10 h rest for self-charging (Fig. 6(d)). Over
20 consecutive cycles,  the self-charged voltage consistently reached
> 1.2 V, and the device achieved an impressive cumulative specific
discharge capacity of 2135.08 mAh·g−1.  To underscore the practical
viability  of  the  device,  three  Zn//PDAN-rGO-5  batteries  were
connected  in  series  to  power  a  white  light-emitting  diode  (LED)
array (Fig. 6(e)). Following a prolonged discharge period where the
LEDs  gradually  dimmed  (Movie  S1  in  the  ESM),  the  batteries
underwent  an  air-assisted  self-charging  process  for  approximately
10  h.  Remarkably,  the  regenerated  batteries  were  able  to  light  the
LED  array  with  high  intensity  and  sustain  operation  for  an
extended  duration  (Fig.  6(e) and  Movies  S2  and  S3  in  the  ESM).
These  results  robustly  validate  the  potential  of  Zn//PDAN-rGO-5
batteries for sustainable, self-powered energy storage applications.

 4    Conclusions
In summary, a bipolar PDAN-rGO composite has been successfully
developed  as  a  high-performance  cathode  for  aqueous  ZIBs.  The
charge  storage  mechanism,  elucidated  through  DFT  calculations
and in  situ Raman/FTIR  spectroscopy,  involves  reversible  Zn2+

storage  at  C=N  sites  and  CF3SO3
− adsorption  at –NH– groups,

demonstrating a dual-ion storage behavior. The composite exhibits
outstanding  electrochemical  performance,  including  excellent  rate
capability and long-term cycling stability (89.18% capacity retention
after  10,000  cycles),  attributed  to  the  conductive  graphene
framework and robust polymer structure. Notably, the PDAN-rGO
cathode can be spontaneously oxidized by atmospheric oxygen due
to  its  favorable  redox  potential,  enabling  an  efficient  self-charging
function  that  achieves  an  OCV  of  1.25  V  and  a  cumulative
discharge  capacity  of  2216.6  mAh·g−1.  Practical  feasibility  is
confirmed  by  powering  LEDs  through  self-charging  cycles.  This
work  offers  a  feasible  strategy  for  designing  bipolar  organic
electrodes and advances the development of self-sustaining zinc-ion
batteries with air-harvesting functionality.

 Electronic  Supplementary  Material: Supplementary  material
(SEM and TEM images, CV and GCD curves, EIS, rate capability,
Ragone plot, GITT curve, and self-charging performance of PDAN
and  rGO)  is  available  in  the  online  version  of  this  article  at
https://doi.org/10.26599/NR.2026.94908674.
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Figure 6    (a)  Chemical  self-charging  mechanism  of  Zn//PDAN-rGO  battery.  (b)  Discharge  curves  of  Zn//PDAN-rGO  batteries  after  fully  self-charging  at  different
current densities. (c) Self-charging curve of Zn//PDAN-rGO. (d) Self-charging cycling stability of Zn//PDAN-rGO electrodes. (e) LEDs are powered by three-self-charging
Zn//PDAN-rGO battery.
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