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ABSTRACT
Aqueous zinc-ion batteries have already shown promising prospects in electronic devices, owing to their environmentally
benign  nature  and  high  safety.  Manganese  dioxide  is  studied  as  one  kind  of  cathode  material,  however,  it  typically
displays slow kinetics and unstable crystal structures. Defect engineering introduces active sites in MnO2, while metal ion
doping increases material's molar mass, which offers rare zinc storage contribution. To find a feasible doping strategy with
optimized  oxygen  vacancies  is  highly  desirable.  Herein,  the  incorporation  of  nitrogen-doped  MnO2  (NMO)  with  lower
electronegativity  as  the  cathode enabled  the  realization  of  reversible  aqueous zinc-ion  batteries.  The structural  stability
and  electrochemical  properties  of  NMO  were  enhanced  by  nitrogen  doping.  NMO  exhibited  a  smaller  charge  transfer
resistance  than  pristine  MnO2  (279.6  Ω  vs.  484.5  Ω).  Cyclic  voltammetry  curves  displayed  that  the  incorporation  of
nitrogen  doping  could  decrease  the  polarization,  which  provided  a  good  basis  for  optimizing  electrode  kinetics.
Specifically, the battery displayed a promising specific discharge capacity of 153.1 mAh·g–1 at 0.5 A·g–1 after 100 cycles.
And at the current density of 1 A·g–1, the capacity retention of NMO after 1600 cycles was 1.72 times that of pristine MnO2.
This study proposed a feasible idea for modifying non-metal hole sites in the cathode materials of zinc-based batteries,
providing deep insights for future practical application of energy storage systems.
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 1    Introduction
Decades  of  global  energy  structure  optimization  efforts  have
intensified the urgency of energy development [1, 2]. Although the
lithium-ion  batteries  receive  tremendous  interest  in  rechargeable
energy  storage  system,  resource  constraints  and  flammable
organic  electrolytes  seriously  hinder  their  applications  [3–5].  The
above limitations accelerate the industrialization of frontier energy
storage  devices.  Therefore,  aqueous  Zn2+-based  battery  systems
employing  two-electron  redox  mechanisms  with  the  merits  of
intrinsic  safety,  economic  viability,  favorable  theoretical  capacity
and  environmental  friendliness  have  obtained  widespread
attention [6–9].

Due  to  the  prospective  application  of  Zn-based  aqueous
batteries,  advancing  pivotal  components  remains  crucial,  notably
innovating cathode materials with superior performance [10–12].
Among them, MnO₂, featuring a significant theoretical capacity of
308 mAh·g–1 and possessing hypotoxicity, has garnered increasing
attention  [13–18].  Nevertheless,  the  considerable  ionic  radius  of
hydrated cations induces intense coulombic interactions with the
host during the charge/discharge process of the battery [19]. These

interactions lead to cation clusters in the tunnels, which block ion
diffusion  pathways  and  reduce  the  ionic  conductivity.
Furthermore, the Jahn-Teller effect accelerates the decomposition
of  the  cathode,  leading  to  unsatisfactory  cycling  performance
[19–22].  Doping  is  regarded  as  one  of  the  most  efficient
approaches. Metal ion doping with Mg, Fe, Al, K, Co, Cu, and Mo
was suggested in earlier reports [23–30]. Metal ions can effectively
increase  the  electron  conductivity,  so  that  the  electrochemical
properties  of  manganese  dioxide  could  be  enhanced.
Unfortunately,  metal  ion  doping  increases  the  material's  molar
mass, and metal ion doping processes usually require complicated
treatment  [19].  Accordingly,  oxygen  vacancies  could  introduce
more  active  sites,  which  facilitate  zinc  ions  undergoing  rapid
oxidation-reduction,  strengthening  the  pseudocapacitance
contribution,  thereby  increasing  the  capacity  [31–35].  However,
the  introduced vacancies  also  easily  tend to  transform the MnO2
phase  [36, 37].  Anionic  doping  partially  counterbalances  the
charge  imbalance  caused  by  oxygen  vacancies,  thereby  reducing
structural  stress  [38–40].  To  overcome  this  challenge,  anion
doping (such as S, F, C) serves as a feasible strategy for optimizing
charge storage efficiency and structural stability of electrodes in a
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battery [40–42]. The addition of N anions can broaden the tunnel
spacing  and  provide  a  buffer  against  the  volume  expansion  and
structural deformation of the electrode during cycling [43]. So far,
however, limited attention has been paid to the synergistic benefit
of  anion  and  oxygen  vacancy;  the  work  in  this  area  is  not
comprehensive  enough.  In  light  of  the  above issues,  constructing
the synergy between anions with smaller molar mass and oxygen
vacancies for adjusting the surface electric environment of the Mn-
O bond is important and urgent.

Herein, a low-valence manganese oxide was engineered via low-
temperature  synthesis  for  durable  electrodes  in  zinc-ion  battery.
The  as-prepared  nitrogen-doped  MnO2(NMO)  retained
impressive  performance  of  153.1  mAh·g‒1 after  100  cycles  at
0.5  A·g‒1.  Moreover,  following  1600  cycles  at  1  A·g‒1,  NMO
sustained  a  specific  capacity  of  83.1  mAh·g‒1,  reaching
approximately  twice  that  of  pristine  MnO2.  Electrochemical
analysis affirmed that the incorporation of nitrogen doping could
decrease  the  polarization and reverse  the  unfavorable  Jahn-Teller
effect.  With  the  rapid  interband  transition  of  lone-pair  electrons,
the  conductivity  of  cathode  materials  was  effectively  improved.
Benefiting from the synergy of the oxygen vacancy and nitrogen-
doping within the cathode material, the stability of the battery was
effectively  optimized,  and  the  transmission  dynamics  of  the
inherent structure was improved. This work revealed the potential
application of anion doping in the cathode materials for aqueous
zinc-ion batteries, thereby opening new avenues for energy storage
development.

 2    Experimental

 2.1    Materials
Chemicals  and  solutions  were  directly  utilized  as-received:
Potassium  permanganate  (KMnO4,  99.5%,  Sinopharm),
Manganese  sulfate  (MnSO4,  98%,  Adamas),  Ammonium
bicarbonate  (NH4HCO3,  99.995%,  Aladdin),  Acetylene  black
(ACET,  99.9%,  Kluthe),  Polyvinylidene  fluoride  (PVDF,  99.5%,
Arkema), 1-Methyl-2-pyrrolidinone (NMP, 99.0%, Aladdin).

 2.2    Preparation of materials
The  α-MnO2 cathode  material  was  obtained  through  the
utilization of a common hydrothermal reaction approach. Briefly,
deionized (DI) water was used to completely dissolve the powders
of  KMnO₄  and  MnSO₄,  respectively,  to  form  homogeneous
solutions  for  further  treatment.  Then,  the  KMnO₄  solution  was
vigorously  mixed  with  the  MnSO₄  solution  using  a  stirrer.  The
above  sample  was  then  solvothermally  treated  at  160  °C  for
12  hours  under  autogenous  pressure  conditions  in  a  100  mL
autoclave equipped with a Teflon liner. The reaction is formulated
in the following reaction:

3MnSO4+2KMnO4+2H2O → 5MnO2 +K2SO4 +2H2SO4

After the autoclave naturally cooled to ambient conditions, the
precipitate  underwent  cyclic  washing  with  DI  water
(centrifugation-redispersion)  until  the  pH  value  reached
approximately 7.0,  ensuring the elimination of a large number of
residual soluble ions. Subsequently, it was dried under vacuum at
60 °C overnight to generate a pure-phase material.

The nitrogen-doped manganese oxide cathode was synthesized
in  the  furnace  by  annealing.  In  detail,  the  alumina  combustion
boat loaded with ammonium salts was positioned in the upstream
zone  of  the  tubular  furnace,  while  the  MnO2-containing

counterpart was situated downstream. The MnO2 nanorods were
annealed at 200 °C, along the gas flow direction (30 sccm N2), and
the  resulting  nitrogen-doped  MnO2 samples  were  named  as
NMO.

 2.3    Electrode assembly
The electrode slurry was fabricated through the following process:
the NMO/MnO2 powder (70 wt.%), ACET (20 wt.%), and PVDF
(10  wt.%)  were  thoroughly  blended  together  in  500  μL  NMP.
Then, the electrode slurry was blade-coated onto Ti foil (0.03 mm
thickness)  and  vacuum-dried  at  60  °C  overnight  to  fabricate
working electrodes with 1‒2 mg active material loading. A Ti foil
(diameter=12 mm) was used as the cathode, and zinc foil (16 mm)
was  used  as  an  anode.  The  electrolyte  formulation  (100  μL)  was
prepared using DI water, dissolving ZnSO₄ (1.0 mol) and MnSO₄
(0.1  mol).  A  glass  fiber  separator  (Whatman  GF/D,  19  mm
diameter) was utilized. Assemble the CR 2032 type coin cell under
ambient air conditions.

 2.4    Material characterization
We dispersed the powder sample in alcohol, and then dropped it
onto a clean silicon wafer and a copper mesh. A scanning electron
microscope  (SEM,  Hitachi  Regulus  8100,  10  keV)  was  used  to
conduct  a  simple  morphological  analysis  of  the  sample  on  the
silicon  wafer.  We  tested  the  sample  on  the  copper  mesh  to  get
TEM  images  adopting  a  high-resolution  transmission  electron
microscope (HRTEM, Thermo Scientific Talos F200X G2) loaded
with  an  energy  dispersive  spectroscopy  (EDS)  for  obtaining  the
material  structure,  crystal  plane information, and the distribution
pattern  of  elements.  Powder  specimens  (200  mesh)  were  loaded
into  a  quartz  sample  cell  and  tested  by  X-ray  diffraction  (XRD)
using a Bruker D8 ADVANCE system (λCu Kα=1.5418 Å, 40 kV,
40  mA,  Germany)  with  scans  from  10°  to  80°  (2θ)  at  0.01°
increments. Powder specimens were dispersed on glass substrates
(1  mm thickness)  for  Raman spectroscopy  (Horiba,  Xplora  Plus,
532 nm laser, 50× objective). The powder specimens were fixed on
an  indium  foil  substrate  and  subjected  to  X-ray  photoelectron
spectroscopy  (XPS)  analysis  (Kratos,  AXIS  Ultra  DLD)  for
elemental and valence state determination.

 2.5    Electrochemical performance testing
The  performance  metrics  of  the  as-prepared  sample  were
measured  through  a  coin  cell  test  system.  Cyclic  voltammetry
(CV,  0.9‒1.8  V)  tests  were  applied  to  record  the  variation  of
current  with  respect  to  electrode  potential,  thereby  determining
the  chemical  reversibility  and  stability  of  the  electrode  reactions.
The  electrochemical  impedance  spectroscopy  tests  (EIS,
0.01‒10  kHz)  was  utilized  to  investigate  the  kinetic  properties  of
the  electrode  processes  (CHI  760e,  Shanghai,  China).  Regarding
the  stability  of  as-fabricated  samples,  the  cyclic  stability  of  the
electrode  materials  was  evaluated  by  galvanostatic  charge-
discharge  curves  utilizing  a  battery  testing  system  (LAND,
CT3002A), and then the rapid charge-discharge capabilities of the
electrode materials were assessed through rate performance tests.

 3    Results and discussion
Figure  1(a) reveals  the  hydrothermal-assisted  nitrogen-doping
strategy  for  synthesizing  NMO  nanorods.  The  initial  MnO2
nanorods  were  achieved  through  a  conventional  hydrothermal
approach.  Subsequently,  NMO  was  prepared  by  a  low-
temperature doping method considering the thermal sensitivity of
MnO2.  The  SEM  image  (Fig. S1(a)  in  the  Electronic
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Supplementary  Material  (ESM))  shows  that  the  pristine  MnO2
present  uniform  micrometer-scale  rod  structures.  The  sample  of
NMO after annealing demonstrated the same rod-like structure as
the pristine MnO2, as shown in Fig. S1(b) in the ESM, the impact
of low-temperature doping was negligible on the nanostructure of
MnO2.  In addition, HRTEM images analysis confirmed the (521)
plane in both MnO2 and NMO, with MnO₂, exhibiting an inter-
layer spacing of 0.148 nm (Fig. S1(c) in the ESM) [43, 44].  NMO
displayed  lattice  with  interlayer  spacing  of  0.154  nm  (Fig. 1(b)),
representing a slight increase in the lattice resulting from nitrogen
doping  in  MnO2 [44].  This  result  also  showed  that  low-
temperature  doping  effectively  prevented  structure  changing
[45, 46].  The  XRD  patterns  of  MnO2 and  NMO  showed  precise
alignment  with  the  standard  tetragonal  phase  (PDF#44-0141)
[44, 47].  In  terms  of  the  XRD  results,  the  diffraction  peaks  of
MnO2 at 12.7°, 18.0°, 28.6°, 37.5°, and 60.1° matched well with the
(110),  (200),  (310),  (211),  and  (521)  crystal  planes  of  MnO2
(Fig. 1(c)).  Post-annealing  XRD  analysis  confirmed  that  NMO
maintains  well-defined  diffraction  patterns  characteristic  of  α-
MnO2 [23].  Consequently,  N-doping  exhibited  negligible
alteration to the MnO₂ lattice structure. Compared to unmodified
MnO2,  the  peak  intensity  of  NMO  was  slightly  decreased.
According  to  previous  reports,  low  crystallinity  exhibited  a  high
density of grain boundaries [48]. Through atomic rearrangement,
ion  diffusion  pathways  were  established,  thereby  enhancing  the
efficiency of the electrochemical reaction. It should be emphasized
that in Fig. S2 in the ESM, the (310) peak of NMO shifted to the
lower angle, which, based on Bragg's law, indicating the expansion
of the NMO was larger, and further promoting the rapid diffusion
of Zn2+. The formation of covalent N-Mn bonds during annealing
process  mitigated  the  strong  electrostatic  repulsion,  thereby
inducing  lattice  expansion  through  controlled  MnO2 bond
elongation.  The  structure  and  the  property  of  NMO  and  MnO2
materials  were  further  comprehensively  studied  by  Raman  and
XPS  spectra.  As  revealed  in Fig. 1(d),  both  NMO  and  MnO2
exhibited  similar  peaks.  After  doping,  the  peaks  confirmed  the
integrity  of  the  MnO6 octahedral  tunnel  structure  [23, 44].  The
tensile  vibration  of  MnO2’s  Mn-O  bond  could  be  observed  at
572.4  cm–1;  however,  the  Raman  peak  of  NMO  shifted  to
569.3  cm–1,  and  this  peak  shift  confirmed  the  nitrogen
incorporation into oxygen vacancies during annealing [19, 45, 49].

These results indicated that nitrogen doping does not affect crystal
morphology.  The  composition  distribution  of  NMO  was  further
analyzed  through  EDS  element  mapping  (Figs.  S3(a)-3(d)  in  the
ESM),  demonstrating  uniform  distribution  of  various  elements
throughout NMO samples.

As  shown  in Fig. 2(a),  compared  with  pristine  MnO2,  the  N
element signal appeared in the full X-ray photoelectron spectrum
of  the  NMO.  A  distinct  N  1s  spectral  signature  emerged  in  the
XPS  profile  of  NMO  (Fig. 2(b)),  with  this  characteristic  peak
aligning with Mn-N bond (399.9 eV) coordination [45]. The N 1s
spectra further suggested the successful doping of nitrogen in the
NMO samples [45].  As illustrated in Fig. 2(c),  the shift  of  Mn 2p
peaks  of  NMO  and  MnO2 samples  can  be  clearly  observed.  For
NMO  and  MnO2,  the  spin  energy  differences  were  11.80  and
11.86 eV, respectively. The Mn 2p peak of NMO shifted, the same
trend was displayed on the peaks of O 1s. Additionally, compared
to  MnO₂,  notable  shift  of  Mn 3s  binding energies  toward higher
values  was  observed  in  NMO with  the  splitting  energy  widening
from 4.7 to 5.6 eV (Fig. S4 in the ESM).  Combined with the Mn
2p  spectra,  which  illustrated  a  charge  redistribution  of  the
structure. Reducing the valence of manganese oxide was beneficial
to  prevent  the  electrode  from side  reactions  with  oxygen  at  high
potential  in  the  discharge  process  [50].  This  shift  indicated  that
some electrons were transferred to N atoms, resulting in the local
accumulation  of  electrons  at  the  N-coordination  sites,  thus
confirming  the  Mn-N covalent  interaction.  The  formation  of  N-
Mn might induce charge redistribution in the material, leading to
changes in electronic structure and electrical conductivity [51, 52].
Simultaneously,  modifications  in  the  band structure  could  occur,
which  will  directly  affect  the  bandgap  of  the  material  [53].
Regarding  the  N-doping  via  a  nitrogen  plasma  strategy,  DFT
calculations  results  demonstrated  that  the  charge  density
decreased  from  0.996  to  0.372,  indicating  electronics  incline  to
gather  to  the  N  atom  [53].  In Fig. 2(d),  O  1s  spectra  were
deconstructed  into  two  distinguishable  parts.  The  part  labeled  as
Mn-O had a binding energy of 529.7 eV, whereas oxygen vacancy
featured a  binding energy  of  531.2  eV [23, 51, 53, 54].  Compared
to  MnO2,  NMO  exhibited  a  significant  reduction  in  oxygen
vacancy  concentration,  directly  evidencing  nitrogen-mediated
vacancy compensation during annealing.

To  comprehensively  investigate  the  electrochemical

 

Figure 1    (a) Schematic illustration of the preparation workflow of NMO materials; (b) HRTEM image of NMO; (c) XRD patterns of the corresponding materials; (d)
Raman spectrum of NMO and MnO2 samples.
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performance  of  the  NMO  and  MnO₂  cathodes  in  aqueous  zinc
ion  battery,  the  coin-type  batteries  were  introduced.
Electrochemical profiles of MnO2 and NMO were assessed via CV
curves (scan rate at 0.5 mV·s–1) under test window of 0.9‒1.8 V (vs.
Zn/Zn2+). As presented in Fig. 3(a), the CV results of the Zn-NMO
and  Zn-MnO2 cells  reveal  a  comparable  oxidation-reduction
pattern.  The  reduction  in  peak  potential  difference  in  the  CV
graph indicated a significant improvement in the reversibility and
kinetics of the Mn4+/Mn3+ redox reaction [22, 54]. Specifically, two
sets  of  electrochemical  peaks  were  observable,  aligning  precisely
with the findings from the dQ/dV curve depicted in Fig. S5 in the
ESM. Notably, NMO exhibited higher current response, indicating
enhanced  electrochemical  activity.  The  discharge  cathodic
behavior  of  NMO  exhibited  redox  activity  at  1.207  and  1.348  V,
originating from Mn4+ reduction coupled with synergistic H+/Zn2+

insertion  during  electrochemical  cycling  [22, 54].  The  peak  of
1.565 V and 1.631 V were related to the extraction of Zn2+ and H+

from  cathode  materials  and  Mn3+/Mn4+ redox  transition.  The
disproportionation  of  Mn3+ might  induce  oxidation  process  of
Mn2+ to Mn4+. As exhibited in Fig. 3(a), the potential gaps of NMO
were  obviously  smaller  than  the  potential  gaps  of  MnO2,  which
indicated  smaller  polarization  [19, 23].  The  NMO  cathode
exhibited  enhanced  Zn2+ intercalation  reversibility,  validating  its
benign  electrochemical  activity  and  reaction  kinetics.  The
galvanostatic  charge/discharge  behavior  of  both  NMO  and
pristine sample at a current density of 0.1 A·g–1 was comparatively
analyzed  (Fig. S6  in  the  ESM).  This  curve  was  very  consistent
with  the  CV  curve.  The  two  distinct  voltage  plateaus  were
clearly  observed  during  the  cycling  process,  aligning  with  the
result in the CV profiles (1.318 V/1.565 V and 1.307 V/1.567 V).
Meanwhile,  NMO  exhibited  a  discharge/charge  capacity  of
290.8/312.7  mAh·g–1,  higher  than  MnO2 (268.1/292.6  mAh·g–1).
Compared  with  MnO₂,  nitrogen  doping  could  decrease  the
polarization, which provided a good basis for optimizing electrode

kinetics,  thereby  enhancing  the  performance  during  cycling
[19, 45]. To better understand the reaction dynamics of NMO and
MnO2 electrodes,  an  EIS  test  was  characterized  on  NMO  and
MnO2.

The  Nyquist  plot  in Fig. 3(b) matched  the  equivalent  circuit
fitting  results,  showing  that  the  charge  transfer  resistance
decreased from 484.5 Ω (pristine MnO₂) to 279.6 Ω in NMO, and
demonstrating  improved  charge  transfer  kinetics  induced  by
nitrogen  doping.  Additionally,  the  slope  in  the  low-frequency
region corresponded to Warburg diffusion of ions in the electrode
[16, 44]. The steeper slope of NMO compared to MnO₂ indicated
faster diffusion kinetics. The result indicated that nitrogen doping
within  the  MnO₂  served  to  decrease  the  bandgap  width  and
elevate  the  material's  electronic  conductance  [19, 45].  It  was
capable  of  efficiently  diminishing  the  resistance  associated  with
charge  transfer  and  enhancing  the  mobility  of  both  H+ and  Zn2+

ions, thereby optimizing the diffusion kinetics.
Figure S7 in the ESM presents the GCD profiles of NMO and

MnO₂  electrodes  under  different  testing  parameters.  The  Zn2+

discharge plateau of NMO electrodes exhibited excellent stability.
Specifically,  even  at  2  A·g–1,  NMO  electrodes  maintained  good
capacity,  thereby  confirming  its  robust  structural  integrity.  The
rate  capability  of  NMO  and  MnO2 is  shown  in Fig. 3(c).
Compared  with  the  MnO2 cathode,  the  capacities  of  NMO were
281.2, 264.4, 240.9, 225.4, and 218.4 mAh·g–1 at different rate. The
NMO  cathode  maintained  272.5  mAh·g–1 at  cycling  rate
restoration to 0.2 C, demonstrating that nitrogen-doping of MnO2
cathode  possessed  pleasant  rate  performance  and  high
reversibility.  Comparative  analysis  of  the  NMO  and  MnO2
electrode performance under 0.5 A·g–1 was presented in Fig. 3(d).
Impressively,  after  undergoing  100  cycles,  the  NMO  electrode
retained  a  capacity  of  153.1  mAh·g–1,  and  the  corresponding
coulombic  efficiency is  almost  approaching 100%.  Meanwhile,  in
Fig. S8 in the ESM, after 100 cycling tests,  a small  amount of by-

 

Figure 2    Element identification of the as-prepared samples. (a) XPS full spectrum of NMO and MnO2. XPS investigation of N 1s (b), Mn 2p (c), and O 1s (d), of the
corresponding samples.
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products on the NMO electrode could be observed at the surface
of  the  nanorods,  but  NMO  also  maintained  its  nanorod
morphology,  indicating  pleasant  structural  stability.  Conversely,
MnO₂  with  a  beginning  capacity  of  220.5  mAh·g–1 underwent
rapid  fading  after  the  20th cycle,  ultimately  retaining  only
37.1  mAh·g–1 after  100  cycles.  This  severe  decay  in  performance
indicated  structural  instability  and  inferior  cycling  performance
under  repeated  charge-discharge  conditions.  To  systematically
investigate  the  electrochemical  properties  of  NMO,  the  MnO2
nanorods were directly annealed at 200 °C under a N2 atmosphere
to  isolate  the  influence  of  oxygen  vacancies,  with  the  resulting
sample  denoted  as  Ov-MnO2.  It  can  be  observed  that  Ov-MnO2
exhibited a similar cycling performance to MnO2 in Fig. S9 in the
ESM,  with  a  faster  decrease  in  capacity,  which  was  principally
ascribed  to  the  excess  oxygen  vacancies  by  prolonged  annealing.
For  long  cycling  tests  at  1  A·g–1,  the  as-prepared  NMO electrode
delivered prominent cycling stability. After activation, the capacity
of NMO increased after the 105 cycles in Fig. 3(e), indicating that
NMO  was  more  electrochemically  active  than  MnO2.  After
1600  cycles,  the  NMO  cathode  retained  a  specific  capacity  of
83.1  mAh·g–1,  demonstrating  higher  capacity  than  MnO2
(48.2 mAh·g–1 after the 100 cycles), indicating that NMO possessed
high  structural  stability  for  Zn2+ storage.  Compared  with  other
modification  strategies,  this  work  effectively  enhanced  the
electrochemical stability of MnO₂ in Fig. S10 in the ESM.

To  systematically  analyze  the  structural  evolution  of  N-doped
MnO2 electrodes  (Fig. 4(a)), ex-situ XRD  test  across  distinct
charge/discharge states at 0.1 A·g–1 was performed.

Figure  4(b) demonstrates  the  phase  evolution  of  the  NMO
electrode during cycling at  the current density of  0.1 A·g–1.  Upon
the first  complete discharge to 0.9 V, ex-situ XRD measurements
revealed  the  appearance  of  novel  diffraction  peaks  at  16.2°  and
32.9°,  which  were  labeled  Zn4SO4(OH)6·H2O  (denoted  ZHS,
PDF#39-0690)  and  tunnel-type  ZnMn2O4 (PDF#24-1133),
respectively  [55, 56].  The  peak  at  21.1°  were  assigned  to  the
MnOOH (PDF#12-0733).  A reversible  displacement  of  the  (310)
diffraction  peak  for  the  NMO  cathode  is  illustrated  in Fig. 4(c)
throughout battery cycling. This represented an invertible change
of  the NMO tunnel  constitution due to disembedding of  H+ and

Zn2+.  This  phenomenon raised from the incorporation of  H+ and
Zn2+ within  the  cathode  structure  as  the  battery  discharges.
Therefore,  the  nucleation  and  growth  of  by-products  were
driven  by  the  local  stacking  of  OH– at  the  electrolyte/NMO
interphase  layer.  The  phase  change  process  can  be  expressed  as
follows [19, 23, 55]：

Anode:

Zn−2e− ↔ Zn2+ (1)

Cathode:

MnO2 +H2O+ 1e− ↔ MnOOH+OH− (2)

4Zn2++6OH−
+SO2−

4 +H2O ↔ Zn4SO4(OH)6 · (H2O) (3)

2MnO2 +Zn2++2e− ↔ ZnMn2O4 (4)

Mechanistic  analysis  revealed  that  redox  coupling  between
metastable  Mn3+ and  Zn2+ under  the  single-electron  transfer
mechanism  the  growth  of  a  layered  Zn4SO4(OH)6·H2O  phase
(Fig. 4(d))  [36, 55, 57].  As  shown  in Figs.  4(e)‒4(g),  the  SEM
images primarily display the morphological changes on the NMO
electrode  surface  under  different  charging  and  discharging
conditions.  When discharged to  0.9  V,  as  shown in Fig. 4(e),  the
formation of side products, such as nanosheets, could be observed,
where  the  side  products  adhered  to  the  surface  of  the  nanorods.
When the NMO electrode was charged to 1.8 V, a small amount
of  side  products  was  still  present  at  the  surface  of  the  positive
electrode  sheet,  but  the  material  retained  its  relatively  intact
nanorod  morphology,  demonstrating  the  reversibility  of  the
electrode  cycle.  Under  the  cycling  process,  the  near-vanishing  of
Zn4SO4(OH)6·H2O  nanosheets  from  the  surface  of  the  NMO
electrode matched the XRD result, reflecting the high reversibility
of the material.  Based on the repeated embedding and extraction
of Zn2+ and H+ during the cycle, NMO electrodes could maintain a
good nanostructure,  further proving the reversibility  and stability
of  NMO  cathode  materials  during  the  cycle. Ex-situ TEM  and

 

Figure 3    Electrochemical characteristics of NMO and MnO2 electrodes. (a) CV data at current density of 0.5 mV·s–1. (b) Nyquist plots. (c) Rate capability. (d) GCD
cycling at current density of 0.5 A·g–1. (e) Stability tests at current density of 1 A·g–1.
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XPS  analyses  were  systematically  conducted  to  corroborate  the
reaction  mechanism  and  verify  the  structural  reversibility  during
cycling. When discharged to 0.9 V, Figs. S11(a)‒S11(d) in the ESM
reveal  the presence of  by-products  attached to the NMO surface,
with  lattice  spacing  measurements  corresponding  to  these
secondary phases. Upon charging to 1.8 V (Figs. S11(e)‒S11(h) in
the  ESM),  a  small  amount  of  residual  by-products  remained  on
the electrode surface; however, the nanorod morphology was well
preserved. When the battery was discharged again to 0.9 V (Figs.
S11(i)‒S11(l)  in  the  ESM),  the  re-emergence  of  by-products  was
observed. The ex-situ TEM characterization of the cycled electrode
confirmed  the  reversibility  of  the  NMO  electrode.  In  the  Mn  2p
spectra  of Fig. 4(h),  the  predominant  presence  of  Mn3+ species  is
observed  at  the  discharged  state  (0.9  V),  while  Mn4+ becomes
dominant  upon  charging  to  1.8  V  [55–57].  Concurrently,  the
reduced  binding  energy  of  Zn  2p  peaks  in Fig. 4(i) suggested
reversible  decomposition  of  Zn4SO4(OH)6·H2O  byproducts
[55, 58]. The minor variations in peak intensity and position of the
N  1s  signal  (Fig. 4(j))  indicated  structural  stabilization  through
nitrogen  doping,  effectively  mitigating  volume  expansion  during
cycling  [19, 40, 43].  As  shown  in Fig. S12(a)  in  the  ESM,  the
decrease  in  the  Mn−O  bond  implied  that  Mn4+ decreased,
consistent with the former characterization [50, 54].  Additionally,
the change in splitting energy of Mn corresponded to the valence
state  change  of  Mn  (Mn4+ to  Mn3+/Mn2+),  aligning  with  cathodic
reaction mechanisms (Fig. S12(b)  in the ESM) [50, 58].  The clear
emergency  of  Zn  3p  peak  corresponded  the  appearance  of
Zn4SO4(OH)6·H2O byproduct.

To  further  clarify  the  dynamics  of  NMO reactions,  the  CV of
NMO  and  MnO2 were  tested  at  different  scan  rates  in Fig. 5(a)
and Fig. S13  in  the  ESM.  Upon increasing  the  scanning  rate,  the
oxidation  and  reduction  peaks  exhibited  progressive  broadening,
but they all still retained their inherent voltammetric morphology.
The  voltammetric  response  correlation  between  the  peak
current  and  the  CV  scan  rate  could  be  revealed  through  this
formula [55, 58, 59]:

i= avb (5)

The  empirical  parameters  a  and b can  be  obtained  through
equation  fitting.  When b approached  1,  the  battery’s  operation
could  be  predominantly  governed  via  capacitive  control.  In
contrast, when b approximated 0.5, it signified the predominance
of diffusion-controlled kinetics in the electrochemical process [60].
Figure 5(b) shows the NMO electrode material  corresponding to
Peak 1‒4. The corresponding values of b were 0.50, 0.56, 0.76, and
0.51,  respectively,  which  indicated  that  the  NMO  oxidation
reduction  involves  both  diffusion  and  capacitance  processes.  To
quantify the capacitive behavior within the overall  energy storage
process, the following formula was used to calculate the capacitive
contribution [54, 58, 61]:

i= k1v+k2v1/2 (6)

Figure  5(c) shows  that  the  capacitive  contribution  of  NMO at
0.2  mV·s–1 reaches  57.6%.  The  contribution  made  by  capacitance
constitutes  85.2%,  which  was  higher  than  the  capacitive
contribution  of  MnO2 at  1  mV·s–1 (Fig. 5(d)).  The  diffusion-
controlled  kinetics  result  demonstrated  that  nitrogen-doped
MnO₂  enhances  capacitive  charge  storage  through  optimized
electron delocalization, thereby facilitating interfacial.

DZn2+

Galvanostatic  intermittent  titration  technique  characterizations
were  systematically  investigated  to  compare  their  ionic  diffusion
dynamics  of  as-prepared  NMO  and  MnO₂  samples,  revealing
kinetic  disparities  induced  by  nitrogen  doping  [19, 62].
Figures  5(e) and 5(f) clearly  represent  the  diffusion  coefficient  of
Zn2+ ( ) obtained via this subsequent formula:

DZn2+ =
4
πτ

(
mBVM

MBS

)2(∆Es

∆Eτ

)2

(7)

Here, the key parameters were defined as: τ (the duration of the
constant current pulse), mB (weight of active material), MB (molar
mass  of  NMO), VM (molar  volume),  and S (electrode-electrolyte
interfacial area),  ΔEs /  ΔEτ (changes of voltage at different states),
respectively  [58, 62, 63].  The  mobility  of  Zn2+ was  determined  by
the  interaction  of  Zn2+ with  oxygen  atoms.  The  lower
electronegativity  of  N  atoms  compared  to  O  atoms  facilitates
weakened  ion-lattice  interactions,  which  directly  diminished  the

 

Figure 4    Analysis  of  the  mechanism.  (a) Ex-situ characterization  of  NMO  electrodes  under  fixed  conditions.  (b) Ex-situ XRD  obtained  for  the  NMO  electrode
throughout the cycling process. (c) XRD pattern of NMO (310) plane. (d)‒(g) Initial state, 1st discharged 0.9 V, 1st charged 1.8 V, 2nd discharged 0.9 V. (h)‒(j) Ex-situ
XPS spectra of the NMO electrode under distinct charge/discharge states.
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energy barrier for ion diffusion. The ionic diffusion of NMO was 2.0×10–5 to
9.3×10–10 cm2·s–1,  larger  than  that  of  pure  MnO2 (4.4×10–6 to
5.3×10–11 cm2·s–1); it favored the adsorption and desorption of Zn2+

at the surface of the cathode material, implying faster ion diffusion
kinetics.  A  comprehensive  comparison  of  NMO  demonstrated
that  NMO  possessed  a  range  of  superior  properties  for  battery
application.

 4    Conclusions
In this work, we proposed that nitrogen doping in MnO2 through
low-temperature  annealing  can  effectively  construct  NMO
cathode materials that enhancing the ion diffusion rate and cycling
stability.  Electrochemical  analysis  showed that  N atoms with  low
electronegativity  could  weaken  the  interaction  between  the  host
ion  and  cathode  material,  thereby  strengthening  the  reaction
kinetics  of  Mn4+/Mn3+ in  Zn-NMO  batteries.  The  NMO  cathode
demonstrated  enhanced  electrochemical  performance  relative  to
MnO2,  exhibiting  lower  charge-transfer  impedance,  faster  Zn2+

diffusion,  and  higher  electrochemical  activity.  Through  the
electrochemical  performance  measurements,  NMO  exhibited
higher  specific  capacitance  of  290.8,  242.2,  and  210.3  mAh·g–1 at
0.1, 1, and 2 A·g–1, respectively. In contrast, the discharge capacity
of NMO after 1600 cycles at 1 A·g–1 could still retain a high specific
capacity  of  82.7  mAh·g–1.  In  addition,  the  energy  storage
mechanism  of  the  Zn-NMO  battery  was  studied  deeply,  which
suggested  nitrogen  doping  can  effectively  enhance  H+/Zn2+

insertion. This nitrogen doping could provide a holistic approach
to  cathode  material  design,  which  can  synergistically  enhance
cathode-specific capacity and structural integrity in aqueous zinc-
based battery systems.
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