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ABSTRACT: Aqueous  zinc-ion  devices  are  considered
promising  candidates  for  energy  storage  due  to  their  high
safety,  low  cost  and  relatively  high  energy  density.  However,
the  dendrite  growth,  hydrogen  evolution  reaction  (HER)  and
corrosion of  the zinc anode significantly limit  the development
of  Zn-ion  devices.  Here,  an  inexpensive  poly(3,4-
ethylenedioxythiophene)  (PEDOT)  protective  layer  was
constructed  in  situ  on  the  Zn  surface  using  electro-
polymerization to suppress dendrite growth and side reactions,
thereby  enhancing  the  reversibility  of  Zn.  Experimental  and
theoretical calculations revealed that this hydrophilic protective
layer  promotes  the  desolvation  process  of  hydrated  Zn2+  and
facilitates  the  transport  of  zinc  ions,  thus  improving  the
thermodynamic  and  kinetic  properties  of  Zn2+  deposition  and  inhibiting  interfacial  side  reactions.  Consequently,  the
optimized PEDOT@Zn symmetric battery exhibited a cycling stability exceeding 1250 h at 0.5 mA·cm−2 and 0.25 mAh·cm−2,
with  a  significantly  reduced  overpotential  (from  91.8  to  35  mV).  With  the  assistance  of  the  PEDOT  protective  layer,  the
PEDOT@Zn//Cu battery maintained approximately 99.5% Coulombic efficiency after 450 cycles. Ex-situ scanning electron
microscopy (SEM) and  in situ optical microscopy characterizations further confirmed that the PEDOT protective layer can
effectively  suppress  the  growth  of  zinc  dendrites.  Additionally,  the  Zn-ion  capacitors  assembled  by  the  PEDOT@Zn and
activated carbon also demonstrated outstanding cycling stability.
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1    Introduction
With the  growing  demand for  renewable  energy  sources,  aqueous
zinc-ion  devices  (aqueous  zinc-ion  batteries  (ZIBs)  and  zinc-ion
capacitors (ZICs)) including zinc metal anodes are considered one
of  the  strongest  candidates  for  next-generation  energy  storage
devices due to their excellent electrochemical performance, intrinsic
safety  and  low  cost  [1−3].  However,  during  battery  operation,  the
interface  between  the  Zn  metal  electrode  and  the  aqueous
electrolyte  is  prone  to  hydrogen  evolution  reaction  (HER),  along

with the formation of non-conductive by-products and Zn dendrite
growth.  These  non-conductive  by-products  can  hinder  electron
transport  and  battery  cycling  on  the  zinc  surface,  while  severe
dendrite  growth  may  penetrate  the  separator,  leading  to  internal
battery short-circuiting [4−7].

To  address  the  aforementioned  issues  faced  by  the  zinc  anode,
various  strategies  have  been  employed,  including  interface
protective layer [5, 8], electrolyte additives [9−12], structural design
[13−18]  and  alloying  [17, 18].  Among  them,  constructing  an
artificial interface protective layer on the zinc anode is a simple and
effective strategy with feasibility and practicability. For instance, the
Cao  research  team  utilized  cyanoacrylate  adhesive  as  a  coating,
which  effectively  reduced  side  reactions  and  inhibited  dendrite
growth,  thus  enhancing  the  cycling  performance  of  full  cells  and
symmetric cells. However, due to the coating’s low conductivity, its
introduction  did  not  effectively  reduce  the  overpotential  [19].  In
addition  to  good  conductivity,  the  protective  layer  should  also
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possess excellent zinc ion transport capabilities. For example, He et
al.  employed  Al2O3 as  a  zinc  anode  coating,  separating  the
electrolyte  from  the  zinc  substrate,  reducing  side  reactions,
improving the uniformity of Zn plating/stripping and inhibiting the
formation  of  Zn  dendrites.  This  enhanced  the  capacity  retention
and  rate  performance  of  the  full  cell.  Nevertheless,  despite  these
achievements,  the coating inevitably hindered the diffusion of zinc
ions  from  the  electrolyte  to  the  zinc  substrate,  resulting  in  less
significant  improvements  in  the  performance  of  symmetric  cells
[20].  Therefore,  finding  an  ideal  protective  layer  remains  a
significant challenge for zinc anodes.

In  this  work,  we  report  a  facile  and  cost-effective  method  of in
situ growing  poly(3,4-ethylenedioxythiophene)  (PEDOT)  as  an
interfacial  protective  layer  on  the  zinc  anode.  The  hydrophilic
PEDOT  protective  layer,  with  its  efficient  zinc  ion  transport
properties, reduces the two-dimensional (2D) diffusion of zinc ions,
enabling  uniform  zinc  deposition/stripping  and  minimizing
dendrite  growth.  The PEDOT protective  layer  enhances  the redox
kinetics  of  zinc,  significantly  improving  the  stability  of  the  metal
anode.  The  symmetric  cell  exhibits  excellent  cycling  stability  over
1250 h at 0.5 mA·cm−2 and 0.25 mAh·cm−2 with a low overpotential
of  35  mV.  Furthermore,  the  Zn-ion  capacitors  assembled  by  the
PEDOT@Zn  and  activated  carbon  (AC)  demonstrate  outstanding
cycling performance with over 80,000 cycles at 10 A·g−1. 

2    Experimental
 

2.1    Experimental materials
Zinc  foil  (Zn,  99.9%);  copper  foil  (Cu,  99.9%);  zinc  sulfate
heptahydrate  (ZnSO4·7H2O,  analytical  reagent  (AR))  were
purchased from Aladdin Reagent Co., Ltd. Sodium dodecyl sulfate
(SDS, AR), AC (AR), 3,4-ethylenedioxythiophene (EDOT, AR), N-
methylpyrrolidone  (NMP,  AR),  polyvinylidene  fluoride  (PVDF,
99.5%)  and  hydrochloric  acid  (HCl,  99.5%)  were  purchased  from
Macklin  Biochemical  Technology  Co.,  Ltd.  Potassium  perchlorate
(KClO4,  AR) was purchased from Chengdu Kelong Chemical Co.,
Ltd. All reagents were used without further purification. 

2.2    In  situ  electropolymerization  of  poly(3,4-
ethylenedioxythiophene) protective layer on zinc surface
PEDOT protective layers were deposited on zinc foil surfaces via in
situ electropolymerization technology. Initially, 5.407 g of SDS and
1.558 g of potassium perchlorate (KClO4) were uniformly dispersed
in  120  mL  of  deionized  water.  Subsequently,  0.380  mL  of  EDOT
was added dropwise to the above solution under stirring for 30 min.
Then, PEDOT was deposited onto the zinc foil surface at a constant
voltage of 1.2 V using a chronoamperometric technique.  Zinc foil,
cut  into  2.5  × 2.5  cm squares  and tape one side  of  them.  Remove
the  tape  when  the  polymerization  is  complete.  Treated  zinc  foil
served  as  the  working  electrode,  while  a  platinum  electrode  was
used as  the  counter  electrode  and an Ag/AgCl  electrode  served as
the  reference  electrode.  The  PEDOT-coated  zinc  foil  was  dried  at
60  °C  for  4  h  before  use.  The  thickness  of  the  PEDOT  protective
layer was controlled by varying the deposition time and designated
as PEDOTm@Zn, where m = 100, 150, 250, 350 and 450 s. 

2.3    Preparation of AC cathode
The  cathode  material  was  prepared  following  a  method  described
in  a  previous  study  [21].  AC,  conductive  carbon  black  and

polyvinylidene  fluoride  were  mixed  in  N-methyl-2-pyrrolidone  to
form a  slurry,  which  was  then  coated  onto  stainless  steel  foil.  The
coated  foil  was  dried  at  80  °C  for  12  h  before  use.  All  electrode
sheets  were  cut  into  12  mm  diameter  disks  for  testing.  The  mass
loading of AC on each electrode sheet was 0.8–1.2 mg·cm−2. 

2.4    Testing and characterization conditions
CR2032-type  coin  cells  were  assembled  using  2  M  ZnSO4 as  the
electrolyte  and  a  glass  fiber  separator  (Whatman,  GF/A)  as  the
separator. Symmetric cells were assembled using two identical bare
zinc  or  PEDOT-coated  zinc  foils  and  tested  using  a  LAND
multichannel  battery  tester.  Half-cells  using  Zn//Cu  or
PEDOTm@Zn//Cu  configurations  were  subjected  to  cycling  tests
and  cyclic  voltammetry  (CV)  measurements,  with  a  scan  rate  of
1 mV·s−1 and a voltage window of −0.4 to 1.0 V. Tafel polarization
curves,  electrochemical  impedance  spectroscopy  (EIS)  and  linear
sweep  voltammetry  (LSV)  were  performed  using  a  CHI760E
electrochemical  workstation,  with  a  scan  rate  of  5  mV·s−1 and  the
frequency  ranging  of  electrochemical  impedance  spectroscopy  is
10−2–105 Hz. The Zn-ion capacitors were assembled using bare zinc
or PEDOT@Zn as anode and activated carbon as cathode using AC
cathode  and  subjected  to  cycling  tests  using  the  LAND
multichannel battery tester. Cyclic voltammetry and EIS of the full
cells were conducted on the CHI760E electrochemical workstation,
with a scan rate of 10 mV·s−1 and testing frequencies ranging from
10−2 to 105 Hz.

X-ray  diffraction  (XRD)  patterns  were  obtained  using  a
SmartLab  X-ray  diffractometer  with  Cu Kα (α =  1.5406  Å)  as  the
radiation  source.  X-ray  photoelectron  spectroscopy  (XPS)  was
performed  using  a  Kratos  Analytical  Axis  Ultra  DLD  UHV
spectrometer  with  an  Al  Kα X-ray  source  (1486.6  eV).  Scanning
electron  microscopy  (SEM)  images  were  acquired  using  a  JSM-
7500F  instrument  to  observe  the  surface  morphology  of  the  zinc
electrodes  and  coated  electrodes.  Fourier  transform  infrared
spectroscopy  (FTIR)  measurements  were  performed  using  a
Frontier NIR instrument in the range of 500 to 4000 cm−1 to detect
the organic coatings on the surfaces. 

2.5    Density functional theory (DFT) calculation
Vienna ab-initio simulation  package  (VASP)  was  used  as  the
foundation  for  all  DFT  computations  [22, 23].  The
Perdew–Burke–Ernzerhof  (PBE)  functional  in  the  generalized
gradient  approximation (GGA) approach explained the  exchange-
correlation effects [24, 25]. The projected augmented wave (PAW)
approach  was  used  to  account  for  the  core-valence  interactions
[26]. For plane wave expansions, 400 eV was chosen as the energy
cutoff.  With  energy  and  force  respectively,  the  structural
optimization  was  finished.  The  1  ×  1  ×  1 K-point  was  used  to
sample  the  Brillouin  zone.  The  dispersion  interactions  were
described using Grimme’s DFT-D3 methodology.

The adsorption energies (Eads) of Zn and H2O are calculated by

Eads = E*Zn −EZn −ESub (1)

Eads = E*H2O −EH2O −ESub (2)

EH2O E*H2O

where EZn and E*Zn represent  the  energies  before  and  after  the
adsorption  of  Zn  on  the  substrates,  respectively.  and 
represent  the  energies  before  and  after  the  adsorption  of  H2O  on
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the  substrates. ESub is  the  energy  of  Zn-002  and  Zn-PEDOT
surfaces.

Finite element analysis (FEA). In  this  experiment,  the
COMSOL  Multiphysics  6.2  software  was  used  to  simulate  the
electric field distribution at the interface between the anode and the
electrolyte.  In the whole model,  the length of  the two electrodes is
set to 100 μm, the distance between the electrodes is 120 μm and a
total of 6 protrusions on the substrate of the zinc anode are evenly
distributed  on  the  surface,  the  diameter  and  height  of  the
protrusions  are  5  μm  and  each  protrusion  is  5  μm  apart.  Among
them,  the  electrolyte  between  the  filled  cathode  and  the  anode  is
2 M ZnSO4 and its conductivity is 5 S·m−1, while the conductivity of
the  zinc  anode  is  1.5*106 S·m−1,  the  conductivity  of  the  coating  is
0.02  S·m−1,  the  current  density  applied  between  the  electrodes  is
0.5 mA·cm−2 and the voltage is 0.5 V.
 

3    Results and discussion
First,  a  PEDOT protective  layer  was uniformly deposited onto the
surface  of  the  zinc  electrode  through in situ electropolymerization
[27].  After  cleaning  and  drying,  the  PEDOT@Zn  sample  was
obtained,  as  depicted in Fig.  1(a).  We studied the effect  of  coating
thickness on the zinc anode by adjusting the electropolymerization
time  (Fig.  S1  in  the  Electronic  Supplementary  Material  (ESM)).
Symmetric  cells  assembled  with  bare  zinc  and  PEDOT@Zn  of
different thicknesses were tested for their cycling performance (Fig.
S2  in  the  ESM).  The  test  results  indicated  that  the  sample  with  a
polymerization  duration  of  150  s  exhibited  the  best  cycling
capability.  Unless  otherwise  specified,  all  subsequent  tests  were
conducted on samples with a polymerization duration of 150 s. The
optical  image  of  bare  Zn  (the  inset  of Fig.  1(b))  displays  a  well-
defined  metallic  luster,  while  the  SEM  image  (Fig.  1(b))  reveals

 

Figure 1    (a) Schematic diagram of in situ electropolymerization of PEDOT protective layer on zinc foil; optical image and numerical simulations of the electrical field
distribution (inset) and SEM images of (b) pure Zn and (c) PEDOT@Zn; (d) EDS elemental mapping of the PEDOT@Zn.
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significant unevenness on the Zn surface, which can lead to uneven
electric  field  distribution and promote  zinc  dendrite  formation.  In
contrast, the optical image of the PEDOT@Zn sample (the inset of
Fig. 1(c)) shows a uniform semi-transparent coating adhering to the
zinc  surface.  As  illustrated  in  the  inset  of Fig.  1(b),  an  obvious
uneven localized electric field on the Zn foil could be detected and
the  electric  field  intensity  for  these  tip  protuberances  is  sharply
enhanced. Generally, such an uneven local electric field will trigger
the  Zn2+ ions  to  give  priority  to  aggerate  and  deposit  these
protuberances,  eventually  evolving  into  dendrites.  Inversely,  the
electric field on the PEDOT@Zn (the inset of Fig. 1(c)) is uniformly
distributed  which  is  conducive  to  eliminating  the  tip  effect  and
promoting  the  uniform  deposition  of  Zn2+ ions.  The  SEM  image
displays a layered structure of PEDOT covering the Zn surface (Fig.
1(c)). This indicates that zinc ions can diffuse from the electrolyte to
the  zinc  substrate  through  these  interspaces,  without  affecting  the
deposition  and  stripping  of  zinc  ions.  The  energy  dispersive
spectroscopy  (EDS)  elemental  mapping  results  demonstrate  the
presence of C, O, S and Zn elements on the sample surface, initially
suggesting  the  successful  preparation  and  uniform  distribution  of
PEDOT on the zinc electrode surface, as shown in Fig. 1(d).

The X-ray diffraction data for both Zn and PEDOT@Zn samples
in Fig. S3 in the ESM correspond to the standard card of pure zinc
(PDF#65-5973),  indicating  that  the  PEDOT  protective  layer  may
exist in an amorphous form. To further demonstrate the successful
preparation of the PEDOT protective layer on the Zn surface, XPS
analysis was performed on PEDOT@Zn (Fig. S4 in the ESM). The
high-resolution  XPS  spectrum  of  C  1s  (Fig.  2(a))  revealed
characteristic  peaks  at  284.6,  286  and  289.2  eV,  corresponding  to
C–C/C=C,  C–S  and  C–O  bonds,  respectively,  consistent  with
previously reported C 1s peaks of  PEDOT, further confirming the
presence of PEDOT on zinc surface [28]. Additionally, FTIR of the
PEDOT@Zn surface  provided stronger  evidence for  the successful
polymerization  of  PEDOT  on  the  zinc  surface  (Fig.  2(b)).
Specifically,  the  absorption  peaks  at  2920  and  2850  cm−1 were
attributed  to  the  stretching  vibrations  of  C–H  and  CH2 in  the
PEDOT structure. The peak at approximately 1630 cm−1 was due to
the stretching vibration of C=C bonds. The peak at 1466 cm−1 was
attributed to the stretching vibration of C–C bonds and the peaks at
1200  and  1058  cm−1 corresponded  to  the  stretching  vibrations  of
C–O and C–S bonds [29]. These atoms with high electronegativity
are  excellent  zincophilic  sites  that  attract  zinc  ions,  facilitating  the
uniform distribution and accelerated transport  of  zinc ions  on the
zinc anode surface, promoting the uniform deposition/stripping of
zinc  ions.  The  remaining  peaks  represent  absorption  peaks  of

bending vibrations in the fingerprint region, further confirming the
successful  polymerization  of  the  PEDOT  coating  on  the  zinc
surface (Fig. 2(b)) [29, 30].

Symmetric battery testing is an effective approach to evaluate the
electrochemical performance and durability of materials. Firstly, we
tested  the  cycle  life  of  symmetric  batteries  under  different  current
densities and the results indicated a significant improvement in the
cyclic  performance  of  PEDOT@Zn  compared  to  pure  zinc
symmetric  batteries.  As  shown  in Fig.  3(a),  the  PEDOT@Zn
symmetric  battery  demonstrated  a  cycling  duration  of
approximately  1250  h  under  0.5  mA·cm−2 and  0.25  mAh·cm−2,
approximately  three  times  longer  than  that  of  the  bare  Zn
symmetric  battery  (approximately  420  h).  Even  under  the  high
current densities of 5 mA·cm−2 and 2.5 mAh·cm−2, the PEDOT@Zn
symmetric  battery  still  exceeded  240  h  (Fig.  3(b)),  approximately
three  times  longer  than  the  bare  Zn  symmetric  battery
(approximately 75 h). It is even better than most reported values for
Zn  symmetric  battery  (Table  S1  in  the  ESM).  The  depth  of
discharge  of  the  symmetric  battery  is  4.27%.  Meanwhile,  the
overpotential  of  the  PEDOT@Zn  symmetric  battery  sample  was
only  35  mV  at  0.5  mA·cm−2 and  even  at  5  mA·cm−2,  the
overpotential  remained  at  44.3  mV,  significantly  lower  than  the
corresponding  overpotentials  of  bare  Zn  (91.8  and  77.8  mV),
indicating  that  the  presence  of  the  PEDOT  protective  layer
enhanced the stability and reversibility of the zinc anode and during
the  plating/stripping  process  in  the  symmetric  cell,  faster  ion
transfer  at  the  anode–electrolyte  interface  is  responsible  for  the
smaller  concentration  polarization,  which  is  represented  by  the
smaller  voltage  hysteresis  [31, 32].  Additionally,  to  investigate  the
deposition  kinetics  of  the  zinc  electrode,  the  symmetric  batteries
were  cycled  at  different  current  densities  (0.5  mA·cm−2 to
5 mA·cm−2). The exchange current density was calculated using the
following equation [33, 34]

j= j0 ×
ZFη
RT

(3)

where j is  the  current  density, η is  the  total  overpotential, j0 is  the
exchange  current  density, R and F represent  the  gas  constant  and
Faraday constant, T is the thermodynamic temperature and Z is the
number of electrons involved in the electrode reaction. As shown in
Fig.  3(c),  the  fitted  exchange  current  densities  of  bare  Zn  and
PEDOT@Zn were obtained, indicating that the modified electrode
exhibited  a  larger  exchange  current  density  (14.93  mA·cm−2 >
8.13  mA·cm−2),  reflecting  a  smaller  polarization  effect  under
different current densities and greater zinc redox kinetics [35].

 

Figure 2    (a) High-resolution C 1s XPS spectrum; (b) FTIR spectrum of the PEDOT@Zn electrode.
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Studies  have  revealed  that  in  zinc  salt  aqueous  solutions,  zinc
ions typically exist in the form of hydrated zinc ion clusters [36, 37].
During  electrodeposition,  hydrated  zinc  ions  require  a  larger
desolvation energy barrier compared to bare zinc ions to sustain the
reduction  reaction  and  yield  zinc  metal  [38, 39].  To  further
investigate  the  transfer  and desolvation  processes  of  hydrated  zinc
ions,  EIS  tests  were  conducted  on  symmetric  batteries  assembled

with bare Zn and PEDOT@Zn at various temperatures (Fig.  S5 in
the  ESM).  The  test  results  were  then  fitted  using  an  equivalent
circuit diagram (Fig. S6 in the ESM) to obtain the resistance values
of Rs (Rs is  the  fitting  electrolyte  resistance  after  the
chronoamperometric  test)  and Rct (Rct is  the  fitting  electronic
transfer  resistance  after  the  chronoamperometric  test)  at  different
temperatures  (Table  S2  in  the  ESM).  Experimental  data  showed

 

Figure 3    Cyclic stability tests of bare Zn and PEDOT@Zn symmetric cells at (a) 0.5 mA·cm−2, 0.25 mAh·cm−2 and (b) 5.0 mA·cm−2, 2.5 mAh·cm−2; (c) exchange current
densities of and (d) electron transfer activation energy plots for bare Zn and PEDOT@Zn.
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that  the  electron  transfer  resistance  of  bare  zinc  was  greater  than
that  of  PEDOT@Zn  across  different  temperatures  (Fig.  S6  and
Table  S1  in  the  ESM).  Subsequently,  the  activation  energy  for
electron transfer was calculated using the Arrhenius equation (Fig.
3(d)), which is given as follows [33, 39]

K= Aexp
(
− Ea

RT

)
(4)

where R is the gas constant of 8.314 J·K−1·mol−1, K is the reaction rate
constant, A is pre-exponential factor, Ea is activation energy, and T
is the temperature of reactants in K. The fitted activation energy for
electron transfer of bare Zn and PEDOT@Zn are 99.768 and 71.990
kJ·mol−1,  respectively,  which  demonstrated  that  the  PEDOT  layer
can stimulate the Zn2+ desolvation step and facilitate ion migration
kinetics.  This  may  be  attributed  to  the  strongly  electronegative  S
and O atoms in the protective layer, which facilitate the desolvation

of hydrated zinc ions. This results in a reduced desolvation energy
for  zinc  ions,  thereby  decreasing  the  energy  consumption  for  the
reduction reaction of zinc ions to produce zinc atoms.

To further validate the zinc deposition/stripping kinetics, Zn//Cu
and  PEDOT@Zn//Cu  half-cells  were  assembled  and  subjected  to
cyclic  voltammetry  tests  in  the  voltage  range  of −0.4  to  1.0  V  (vs.
Zn/Zn2+),  as  shown  in Fig.  4(a).  The  bare  Zn  and  PEDOT@Zn
curves  exhibited  similar  shapes,  indicating  that  the  same
electrochemical  reactions  involved in  the  zinc  stripping/deposition
process on Zn and PEDOT@Zn electrodes.  Compared to the bare
Zn electrode, the PEDOT@Zn anode showed larger oxidation and
reduction  currents,  suggesting  stronger  reaction  kinetics  for  the
modified  electrode.  Nucleation  overpotential  tests  at  different
current densities revealed that the PEDOT@Zn electrode exhibited
lower  nucleation  overpotentials  across  various  current  densities
(0.5, 1, 2, 4 mA·cm−2) (Fig. S7 in the ESM and Fig. 4(b)), indicating

 

Figure 4    (a)  Cyclic  voltammetry scans of  Zn//Cu and PEDOT@Zn//Cu half-cells;  (b) nucleation overpotential  comparison of  Zn and PEDOT@Zn at  2 mA·cm−2;  (c)
adsorption energy of zinc atoms on bare Zn and PEDOT@Zn; (d) comparison of Zn2+ transfer number of bare Zn and PEDOT@Zn. (e) Electron density difference map
of PEDOT adsorbed on Zn surface; (f) Coulombic efficiency plot of bare Zn and PEDOT@Zn half-cell.
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tZn2+

a  lower  potential  barrier  for  zinc  plating/stripping  due  to  the
presence of the PEDOT protective layer. To elucidate the reason for
the improved deposition kinetics of the PEDOT@Zn electrode, the
adsorption  energy  of  zinc  atoms  on  the  surfaces  of  pure  Zn  and
PEDOT@Zn plates was calculated based on DFT, as shown in Fig.
4(c).  The  results  showed  that  the  adsorption  energy  (Eads)  of  Zn
atoms on the pure Zn surface  was −0.91 eV,  while  the adsorption
energy  on  the  PEDOT@Zn  surface  significantly  increased  to
−1.63  eV,  indicating  better  zinc  ion  transport  and  uniform
deposition  behavior  of  zinc  atoms  on  the  PEDOT@Zn  surface
[40−42]. To further understand zinc ion transport, transfer number
tests were performed on Zn and PEDOT@Zn electrodes, as shown
in Fig. S8 in the ESM and Fig. 4(d). The transfer number ( ) was
calculated using the following equation [43, 44]

tZn2+ =
IS (∆V− I0R0)

I0 (∆V− IsRs’)
(5)

where  ∆V represents  the  applied  voltage  (10  mV)  during  the
chronoamperometric  test.  Here, R0 and Rs’ is  electronic  transfer
resistances before and after the chronoamperometric test; I0 and Is
are  the  initial  and  steady-state  currents  during  the
chronoamperometric  test.  The  results  indicate  that  the  zinc  ion
transfer  number  for  the  PEDOT@Zn-assembled  symmetric  cell  is
0.4464, which is significantly higher than that of bare Zn (0.2045). It
may be affected by some zincophilic groups O and S in the PEDOT
coating,  which  has  an  adsorption  effect  on  zinc  ions,  which  also
accelerates the migration of zinc ions [45]. This increase in zinc ion
transfer  number  allows  timely  replenishment  of  zinc  ions
consumed  near  the  zinc  substrate,  alleviating  the  concentration
gradient  of  zinc  ions  and  reducing  polarization  effects  caused  by
zinc  ion  concentration  differences.  The  PEDOT  protective  layer
also  enhances  the  conductivity  of  zinc  ions,  thereby  reducing  the
overpotential for zinc ion deposition/stripping [46]. Additionally, in
the electron density difference map of PEDOT adsorbed on the Zn
surface  (Fig.  4(e)),  where  yellow  represents  charge  accumulation
regions  and  cyan  represents  charge  deficiency  regions,  there  is
electron cloud overlap between Zn atoms and PEDOT, suggesting
the  existence  of  electron  transfer  between  PEDOT  and  Zn  metal,
which favors uniform zinc deposition and stripping [47]. To further
investigate  the  deposition  and  stripping  behavior  of  PEDOT@Zn,
Zn//Cu  and  PEDOT@Zn//Cu  half-cells  were  assembled  and
subjected  to  charge–discharge  cycling  at  2  mA·cm−2 and  0.5
mAh·cm−2,  as  shown in Fig.  4(f).  The modified electrode exhibited
more  stable  cycling  performance  and  higher  Coulombic  efficiency
compared  to  the  bare  Zn  electrode.  Specifically,  the  Coulombic
efficiency  of  the  modified  electrode  remained  stable  at  around
99.5%  after  450  cycles,  indicating  thorough  zinc  deposition  and
subsequent stripping, which significantly demonstrates the excellent
reversibility  and  stability  of  the  PEDOT@Zn  electrode.  The
voltage–capacity curves (Fig. S9 in the ESM) of the half-cells show
that  the  voltage  hysteresis  of  the  PEDOT@Zn//Cu  half-cell  is
64.8  mV,  while  the  voltage  hysteresis  of  the  Zn//Cu  half-cell  is
73.1 mV. The modified electrode exhibits a lower voltage hysteresis,
suggesting  superior  Zn2+ stripping/deposition  capabilities  and  a
lower nucleation energy barrier.  When the capacity is  increased to
1  mAh·cm−2,  as  shown  in  Figs.  S10  and  S11  in  the  ESM,
PEDOT@Zn//Cu  half  battery  can  still  cycle  stably  245  cycles  and
the  Coulombic  efficiency  is  also  stable  at  100%.  By  contrast,  the
Zn//Cu half battery began to fluctuate after the 92nd cycle and failed
after  125  cycles.  These  data  show  that  PEDOT@Zn  half  batteries

exhibit  better  cycle  performance  at  different  capacities  than  pure
zinc.  This  finding  is  consistent  with  the  results  of  the  zinc  ion
migration ability and low electronic transfer impedance tests [48].

Due to the contact between the zinc electrode and the electrolyte,
a  certain  degree  of  corrosion  and  side  reactions  can  occur.  To
investigate  the  corrosion  resistance  of  bare  Zn  and  PEDOT@Zn
electrodes,  Tafel  polarization  tests  were  conducted  using  a  three-
electrode  system,  with  platinum  as  the  counter  electrode,  zinc  or
modified  zinc  as  the  working  electrode,  Ag/AgCl  as  the  reference
electrode  and  2  M  ZnSO4 as  the  electrolyte.  The  results  indicated
that  the  corrosion  current  density  (jcorr)  of  the  modified  zinc
electrode  (1.66  mA·cm−2)  was  significantly  lower  than  that  of  the
pure  bare  Zn  electrode  (2.34  mA·cm−2),  while  the  corrosion
potential  increased  from −0.978  to −0.962  V  (vs.  Ag/AgCl)  (Fig.
5(a)),  demonstrating  that  the  PEDOT  coating  exerts  inhibitory
effects  on  hydrogen  evolution  corrosion  of  zinc  metal  in  both
kinetic and thermodynamic aspects [49]. After immersing the bare
zinc  and  PEDOT@Zn  electrodes  in  2  M  ZnSO4 for  7  days,  XRD
testing was performed (Fig. 5(b)). When the pure zinc electrode was
immersed  in  the  electrolyte  for  a  week,  characteristic  peaks  of
the  by-product  Zn4SO4(OH)6∙xH2O  appeared  on  its  surface,
whereas  no  such  by-product  was  observed  on  the  surface  of  the
PEDOT@Zn  electrode,  confirming  the  inhibitory  effect  of  the
PEDOT  coating  on  by-product  formation.  The  root  cause  is  the
formation  of  the  following  by-products,  which  occur  in  the
following reactions [50, 51]

3Zn+ 11H2O+ZnSO4 → Zn4(OH)6SO4 · 5H2O+H2 ↑ (6)

For pure zinc, Zn is in close contact with H2O and ZnSO4 in the
electrolyte,  so  there  will  inevitably  be  a  by-product
Zn4SO4(OH)6∙5H2O. In the modified zinc anode, there is a PEDOT
protective layer blocking between zinc metal and electrolyte, which
reduces  the  possibility  of  contact  between  water  and  sulfuric  acid
electrolyte  and  zinc  metal.  Moreover,  the  layer  has  a  desolvation
effect to further avoid the contact between zinc metal and water, so
that the coated zinc anode can inhibit the formation of by-products.

To  investigate  the  hydrogen  evolution  side  reaction  on  Zn  and
PEDOT@Zn  electrodes,  linear  sweep  voltammetry  tests  were
conducted with a scan rate of 5 mV·s−1, using Zn and PEDOT@Zn
as  working  electrodes,  platinum  as  the  counter  electrode  and
Ag/AgCl  as  the  reference  electrode  (Fig.  5(c)).  At  a  voltage  of
−1.5  V,  the  current  density  of  PEDOT@Zn  was  95.7  mA·cm−2,
significantly  lower  than  the  118  mA·cm−2 of  bare  Zn,  indicating  a
reduced  tendency  for  hydrogen  evolution  side  reactions  [52].  The
PEDOT protective layers may effectively isolate the active water and
dissolved oxygen in the electrolyte from the zinc substrate, which is
conducive  to  reducing  hydrogen  evolution  side  reactions,
decreasing  the  possibility  of  cycling  short-circuits  due  to  zinc
battery  bulging  and  lowering  the  competing  conjugate  side
reactions  that  interfere  with  the  normal  charge–discharge  of  zinc
ions, thereby improving zinc utilization [53−55]. To further explore
the  effect  of  the  PEDOT  protective  layer  on  inhibiting  electrode
corrosion,  the  contact  angles  of  2  M  ZnSO4 solution  on  zinc  and
PEDOT@Zn  surfaces  were  measured  (Fig.  S12  in  the  ESM).  The
results show that the contact angle of PEDOT@Zn (26.96°) is lower
than that of bare Zn (77.92°), indicating better hydrophilicity of the
PEDOT protective layer. This may be attributed to the gaps in the
PEDOT  coating  and  some  hydrophilic  groups  it  contains,  which
promote the diffusion of  the electrolyte,  facilitating rapid diffusion
of  zinc  ions  on  the  electrode  and  reducing  polarization  caused  by
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concentration gradients during the cycling process [2, 56, 57].  The
results  of  adsorption  energy  calculations  revealed  that  the
adsorption energy of water on PEDOT@Zn (−0.42 eV) was higher
than  that  on  pure  zinc  (−0.31  eV),  as  shown  in Fig.  5(d).  This
indicates  that  the  introduction  of  the  PEDOT  coating  enhances
water  adsorption,  which  explains  the  contact  angle  test  results.
However,  PEDOT@Zn has higher adsorption energy for zinc ions
than  water  molecules,  so  it  is  preferred  to  adsorb  zinc  ions.  This
finding  is  conducive  to  reducing  the  direct  adsorption  of  zinc  to
water and thus mitigating hydrogen evolution side reactions, while
also  accelerating  the  desolvation  process  of  hydrated  zinc  ions,
beneficial for zinc ion transport and uniform distribution [58, 59].

To  visualize  the  deposition  behavior  of  zinc  on  different  zinc
anodes,  we  performed ex-situ and in situ characterizations  during
cycling.  Initially,  bare  Zn  and  PEDOT@Zn  electrodes  were
assembled into a capacitor with AC cathodes and cycled 1800 times
at  2  A·g−1.  Afterward,  the  cycled  SEM  images  were  observed,  as
shown in Figs. 6(a)−6(d). The cycled bare Zn (Figs. 6(a) and 6(b))
and  PEDOT@Zn  electrodes  (Figs.  6(c) and 6(d))  revealed
significant  differences.  The  surface  of  the  cycled  zinc  electrode
exhibited  numerous  disordered  and  large  dendrites,  with  the  bare
zinc  structure  experiencing  collapse,  representing  a  significant
change  compared  to  the  initial,  unreacted  zinc  electrode.  These
structural  collapses  likely  originated  from cracks  on  the  surface  of
the zinc foil. In contrast, the modified electrode displayed minimal
surface  collapse,  maintaining  a  smooth  structure.  Although  a
certain  amount  of  dendrites  grew,  they  were  significantly  smaller
compared to bare Zn, less likely to puncture the separator and cause

battery short-circuiting.
To  observe  the  dendrite  growth  process  for  the  zinc  electrode

and  the  PEDOT@Zn  electrode,  cycling  tests  were  performed  at
5 mA·cm−2 and monitored via optical microscopy, as shown in Fig.
6(e).  For  the  bare  Zn electrode,  a  small  number  of  dendrites  were
observed  to  grow  within  30  min.  Due  to  the “tip  effect”,  these
initially  grown  dendrites  continued  to  proliferate  [60].  After
120  min  of  cycling,  numerous  distinct  and  unevenly  distributed
dendrites  were  observed  on  the  electrode  surface,  posing  a
significant  risk  of  battery  short-circuiting.  In  comparison,  the
modified  electrode  showed  no  significant  dendrite  growth  within
30 min. Only after 60 min did a small number of dendrites emerge
and  even  after  120  min,  only  small  and  uniformly  distributed
dendrites  were  present  on  the  electrode  surface,  favorable  for
battery  cycling.  This  is  attributed  to  the  efficient  stripping  and
uniform deposition of zinc ions on the modified electrode.

To  further  elucidate  the  details  of  the  nucleation  and  growth
mechanisms,  we  performed  chronoamperometric  measurements
on symmetric batteries of pure zinc and PEDOT@Zn at −150 mV,
as depicted in Fig. S13 in the ESM. The continuous increase in the
current density of pure zinc electrode within about 498 s indicates
the disordered nucleation and growth of zinc ions [61−64], which is
attributed  to  the  2D  diffusion  of  zinc  ions,  leading  to  a  higher
likelihood of “tip effect” and dendrite growth, as illustrated in (Fig.
S14  in  the  ESM).  The  current  on  the  PEDOT@Zn  electrode  is
smaller  and  stabilizes  rapidly  after  296  s,  indicating  that  the
abundant nucleation sites on the electrode surface inhibit the two-
dimensional  diffusion  of  Zn2+.  These  results  confirm  that  the

 

Figure 5    (a) Tafel polarization curves of bare Zn and PEDOT@Zn electrodes; (b) X-ray diffraction patterns of bare Zn and PEDOT@Zn after immersing in 2 M ZnSO4

for 7 days; (c) LSV curves of bare Zn and PEDOT@Zn electrodes; (d) water adsorption energies of bare Zn and PEDOT@Zn electrodes.
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introduction  of  a  PEDOT  layer  on  the  Zn  anode  surface  can
regulate  the  deposition  behavior  of  Zn2+,  suppressing  two-
dimensional  diffusion  and  thus  inhibiting  dendrite  formation  on
the Zn metal anode.

Based on the experimental data mentioned above, we propose a
schematic  diagram  of  the  mechanism  of  the  PEDOT  protective
layer  inhibiting  dendrite  growth,  as  shown  in Fig.  7(a).  For  pure
zinc,  the  presence  of  scratches  and  protrusions  on  the  surface
results in a locally higher surface energy or surface area, leading to
the preferential nucleation of zinc ions at these sites. As the cycling
progresses, the tip effect formed by these nucleation sites drives the
adsorption and reduction of more Zn2+ at these sites, resulting in the

growth  of  a  large  number  of  Zn  dendrites.  Furthermore,  water
molecules  can  directly  contact  the  zinc  surface,  causing  water
decomposition  and  side  reactions.  The  PEDOT  protective  layer
serves  as  an  electrostatic  shield,  inhibiting  dendrite  growth  by
preventing  the  accumulation  of  ions/electrons.  At  the  same  time,
the PEDOT protective  layer  can isolate  the direct  contact  between
zinc  anode  and  electrolyte  and  can  play  a  role  in  reducing  side
reactions and inhibiting the generation of by-products and these by-
products  and side  reactions  as  well  as  the  growth  of  dendrites  are
important reasons affecting the stability of zinc anode. Specifically,
the  PEDOT  protective  layer,  with  its  abundant  polar  groups,
provides  sites  for  the  adsorption  or  coordination  of  Zn  ions,

 

Figure 6    ((a) and (b))Optical images (inset) and SEM images of the cycled pure zinc electrode and ((c) and (d)) the cycled PEDOT@Zn electrode; (e) optical images of
dendrite growth on pure zinc and PEDOT@Zn electrode at 5 mA·cm−2.
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facilitating the migration of Zn ions along the polymer chain to the
reaction interface [65−68].  When the hydrated zinc ions diffuse to
the surface of the zinc anode, the water molecules will be adsorbed
by some polar groups in the PEDOT protective layer on the surface
of the zinc, accelerating the desolvation process [69]. The zinc ions
will  also  be  adsorbed  by  the  zincophilic  groups  of  O and S  in  the
PEDOT protective layer and the adsorption of zinc ions is stronger
than that of water molecules. The zinc ions will preferentially enter
the  ion  diffusion  channel  in  the  coatings  and  water  molecules  are
adsorbed to the surface of the coating, so that the whole zinc ion of
desolvation  and  diffusion  process  is  completed.  Because  of  the
adsorption  of  water  molecules  by  the  coating,  the  possibility  of
contact  between the zinc surface and zinc metal  is  reduced,  which
affects  the  possibility  of  zinc  metal  being  corroded  by  hydrogen
evolution. Consequently, the introduction of the PEDOT protective

layer  can  effectively  inhibit  the  growth  of  zinc  dendrites  and  the
occurrence of side reactions.

A  typical  PEDOT@Zn//AC capacitor  was  assembled  to  explore
the  feasibility  of  the  integrated  PEDOT@Zn  anode.  Cyclic
voltammetry tests on bare Zn and PEDOT@Zn capacitors (Fig. S15
in  the  ESM)  revealed  that  the  modified  battery  exhibited  a  larger
CV area and stronger redox peaks, indicating a greater capacity and
better  oxidation-reduction  performance  of  the  PEDOT@Zn//AC
capacitor.  EIS  tests  on  the  assembled  Zn//AC  and
PEDOT@Zn//AC  capacitors  (Fig.  7(b))  showed  that  the
PEDOT@Zn//AC  capacitor  exhibited  a  lower  electron  transfer
impedance (69.8 Ω) compared to the Zn//AC capacitor (169.2 Ω),
indicating that the PEDOT coating facilitates zinc electron transfer
and effectively reduces ion transfer impedance. Rate capability tests
were  conducted  on  Zn//AC  and  PEDOT@Zn//AC  capacitors  at

 

Figure 7    (a)  Schematic  diagram of  the  mechanism of  PEDOT for  suppressing Zn dendrite;  (b)  EIS tests  and (c)  rate  performance of  Zn//AC and PEDOT@Zn//AC
capacitors; charge–discharge cycling of Zn//AC and PEDOT@Zn//AC capacitor at current densities of (d) 2 A·g−1 and (e) 10 A·g−1.
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different  current  densities  (Fig.  7(c)),  revealing  that  the  specific
capacity  of  PEDOT@Zn//AC  capacitor  was  higher  than  that  of
Zn//AC  capacitor  at  all  current  densities,  due  to  the  effective
suppression  of  side  reactions  by  the  PEDOT  coating.  When  the
current  density  is  1,  2,  3,  5  and  6  A·g−1,  the  specific  capacities  of
PEDOT@Zn//AC  capacitor  are  76.5,  66.3,  61.0,  55.9  and
53.2  mAh·g−1,  respectively,  which  are  higher  than  61.7,  54.7,  51.2,
47.6  and  45.9  of  Zn//AC  capacitor  (Fig.  S16  in  the  ESM).  The
charge–discharge cycling of Zn//AC capacitors at 2 A·g−1 (Fig. 7(d))
exhibited  a  rapid  capacity  decay  after  only  2500  cycles,  while  the
PEDOT@Zn//AC capacitor could maintain a capacity retention of
~ 89.5% after 34,000 cycles.  While at a current density of 10 A·g−1,
the  PEDOT@Zn//AC  capacitor  retained  a  capacity  retention  of
137% after 80,000 cycles, while the Zn//AC capacitor experienced a
rapid  capacity  decay  after  only  25,000  cycles  (Fig.  7(e)).  This
demonstrates  that  the  PEDOT  protective  layer  significantly
enhances the cycling capability of the capacitor. 

4    Conclusions
In  summary,  a  simple in situ electropolymerization  method  has
been  employed  and  a  surface  protective  layer  of  hydrophilic
PEDOT  has  been  deposited  on  the  Zn  surface.  The  PEDOT
protective layer provides corrosion resistance while also promoting
the  uniform  diffusion  of  Zn2+ across  the  electrode  surface.  The
theoretical and experimental results show that compared with pure
zinc  foil,  the  modified  zinc  foil  has  a  faster  kinetic  process  and
better  cyclic  stability.  At  the  same  time,  it  helps  to  inhibit  the
growth  of  zinc  dendrites  and  the  side  reaction.  Hence,  the
optimized  PEDOT@Zn  symmetric  battery  exhibited  a  cycling
stability exceeding 1250 h at 0.5 mA·cm−2 and 0.25 mAh·cm−2, with
a significantly  reduced overpotential  (from 91.8 to 35 mV).  When
paired with AC as a cathode, the Zn-ion capacitors can stably cycle
80,000  times  at  10  A·g−1.  In  this  study,  a  simple  and  effective  zinc
metal  modification  technology  is  proposed,  which  is  helpful  to
improve  the  cycle  stability  and  corrosion  problems  of  zinc-based
water batteries and has a wide application prospect. 

Electronic  Supplementary  Material: Supplementary  material
(further  details  of  the  cycle  performance  test  of  PEDOT@Zn  of
different  thicknesses,  XRD  patterns,  EIS  plots  of  bare  zinc  and
PEDOT@Zn  symmetric  batteries  at  different  temperatures,
nucleation  overpotentials  measurements,  contact  angles,
chronoamperometric  measurements,  cyclic  voltammetry  tests  and
comparison  of  symmetric  cells  data)  is  available  in  the  online
version  of  this  article  at https://doi.org/10.26599/NR.2025.
94907037. 
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