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ABSTRACT: Regarding  the  problems  of  low  electrical
conductivity  and  slow  redox  kinetics  in  Zn–S  batteries,  it  is
extremely  urgent  to  find  a  simple  and  effective  construction
strategy. Herein, a conversion cathode material (SxI, x = 9.3
and  1)  was  prepared  by  bonding  commercial  sulfur  and
iodine. Compared with commercial sulfur, the conductivity of
SxI is increased by 7 orders of magnitude. Density functional
theory (DFT) calculated results  show that  new S–I  chemical
bonds  are  formed  in  SxI  materials,  and  the  band  gaps  are
significantly  reduced.  Their  charge–discharge  voltage
differences,  the  differential  capacity  curves,  and  the  redox
peak potential difference of sulfur are significantly reduced. In
the  voltage  window  of  1.20–1.40  V,  the  I0/I−  reversible  redox  reaction  can  provide  additional  capacity  contribution  of
38.36 mAh·g−1. At the current density of 1.5 A·g−1, the capacity of S9.3I could reach up to 370.32 mAh·g−1, and SI could reach
up to 220.04 mAh·g−1. SxI materials have a lower degree of polarization, a smaller Tafel slope, and activation energies. The
in-situ ultraviolet–visible spectroscopy results indicate that the dissociation of the Zn–S bond during the charging process is
mainly due to the interaction between I− and the ZnS surface, promoting the rapid conversion of I3− to I−. This work presents
a  paradigm  for  effectively  enhancing  the  conductivity  of  sulfur  cathode  materials,  increasing  additional  capacity  and
catalyzing sulfur conversion reactions, thereby significantly improving the performance of Zn–S batteries.
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 1    Introduction
In  order  to  cope  with  energy  shortages  and  environmental  crises,
the  development  of  green,  non-flammable,  and  safe  high-energy-
density  storage  devices  is  imperative.  Compared  to  non-aqueous
electrolytes (10−3–10−2 S·cm−1), aqueous electrolytes have higher ionic
conductivity  (10−1–6  S·cm−1)  [1, 2].  Zinc  (Zn)  metal,  as  the  anode
material,  is  more  commonly  used  in  the  field  of  aqueous  zinc  ion
batteries  due  to  its  advantages,  such  as  high  theoretical  capacity
(820  mAh·g−1),  good  electrical  conductivity  (5.91  μΩ·cm),  low

electrochemical  potential  (−0.762  V  vs.  standard  hydrogen
electrode (SHE)), low environmental hazard, non-toxicity, and low
price [3−6].

Currently,  a  larger  number  of  intercalation-type  cathode
materials,  such  as  manganese-based  [7],  vanadium-based  [8],  and
Prussian blue analogues [9],  have been widely used. However,  due
to  the  strong  electrostatic  interaction,  their  capacity  (50–
300 mAh·g−1) and energy density are unsatisfactory [10, 11]. Facing
these  problems,  researchers  have  discovered  a  series  of  cathode
materials  with  conversion  mechanisms,  mainly  including  metal
fluoride/sulfide/oxide,  halogen  materials,  and  sulfur  (S)-based
materials [12, 13]. Among them, sulfur-based materials can achieve
a  high  energy  density  of  more  than  300  Wh·kg−1 in  battery
applications  through  multi-electron  transfer  redox  reactions
[14, 15].  However,  there  are  mainly  two  aspects  of  problems  that
restrict  its  further  development.  On  one  hand,  extremely  low
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electronic  conductivity.  Elemental  sulfur  (S8)  and  its  discharge
products  (ZnS)  are  approximately  10−30 S·cm−1,  resulting  in  low
utilization of active materials and discharge voltage plateau. On the
other  hand,  slow  kinetic  processes.  The  kinetics  of  the
solid–liquid–solid  conversion  reaction  between  sulfur  and  ZnS  is
slow, leading to high polarization voltage and low energy efficiency.

To  address  the  issue  of  low  conductivity,  researchers  have
introduced  carbon  materials  to  construct  sulfur-based  carbon
composite cathode materials. Sharma and co-workers constructed a
biomass-derived  porous  carbon sulfur  composite  cathode  material
with a capacity retention rate of 47.6% after 200 cycles at a current
density  of  1  A·g−1 [16].  Meanwhile,  our  group  found  that  three-
dimensional  porous  amorphous  carbon  derived  from  asphalt  has
high  conductivity  (15.59  S·m−1)  and  a  large  specific  surface  area
(614.9  m2·g−1)  [17].  The  cathode  material,  by  encapsulating
industrial-grade  sulfur,  exhibits  high  reversible  specific  capacity
(633.5  mAh·g−1)  [18].  In  response  to  the  slow conversion reaction,
catalysts  are  introduced  to  enhance  the  redox  kinetics  of  sulfur.
Zhang  et  al.  constructed  incorporation  of  Fe–N4 coordinated  bi-
directional  catalytic  sites  of  iron  atoms  in  nitrogen-doped  porous
carbon  skeletons  as  cathode  for  zinc–sulfur  battery  applications
[19],  which  reached  519  mAh·g−1 at  0.5  A·g−1.  However,  carbon
materials and catalysts will increase the weight of cathode materials,
and  reduce  the  content  of  active  sulfur,  but  make  almost  no
contribution  to  the  capacity  of  battery.  Adding  iodine  (I)  to  the
electrolyte  has  been  proposed  to  accelerate  the  redox  reaction  of
sulfur  cathode  [20].  Li  et  al.  added  0.05  wt.%  of  I2 to  1  M
Zn(CH3COO)2,  utilizing  I2 as  an  ion  carrier  for  Zn2+ which  can
quickly  achieve  solid–liquid–solid  conversion  [21].  Mehta  et  al.
discovered the catalytic role of  I2 in the conversion between S and
ZnS  by  adding  ethylene  glycol  and  I2 to  Zn(CH3COO)2 [22].  In
addition, iodine can serve as a cathode material to provide capacity
in zinc iodine batteries [23, 24].

Inspired  by  these  fascinating  results,  the  introduction  of  iodine
atoms  into  sulfur  cathode  materials  could  be  a  facile  and  effective
strategy  to  settle  multiple  challenges  for  Zn–S  batteries.  Herein,  a
conversion  cathode  material  (SxI, x =  9.3  and  1)  was  prepared  by
bonding  commercial  sulfur  and  iodine.  Compared  to  commercial
sulfur,  the  conductivity  of  SxI  cathode  material  has  increased  by
seven  orders  of  magnitude,  as  iodine  effectively  breaks  the  S8 ring
and  forms  S–I  bonds.  The  experimental  results  show  that  iodine
plays  a  dual  role  in  the  sulfur  conversion  process:  (1)  The  I0/I−

reversible  redox  reaction  can  provide  additional  capacity
contribution  of  38.36  mAh·g−1 in  the  voltage  window  of  1.20–
1.40 V. At the current density of 1.5 A·g−1,  the capacity of S9.3I can
reach up to 370.32 mAh·g−1 and SI can reach up to 220.04 mAh·g−1.
(2)  Accelerate  the  conversion  reaction  of  sulfur  species  from  both
kinetic  and  thermodynamic  perspectives.  Compared  with
commercial  sulfur,  SxI  has  a  lower  degree  of  polarization  and  a
smaller Tafel slope. The activation energies of S9.3I and SI are 31.87
and 28.48  kJ·mol−1,  respectively,  which  are  significantly  lower  than
the  activation  energy  (Ea)  of  sulfur  at  47.69  kJ·mol−1. In-situ
ultraviolet–visible spectroscopy shows that during the charging and
discharging  process  of  the  battery,  some  iodine  undergoes  a
conversion  reaction  between  I0 and  I−,  thereby  catalyzing  the
solid–liquid–solid  conversion  of  sulfur.  The  scanning  electron
microscopy (SEM) image of the SxI material after cycling shows that
another part of iodine remains in the material and can undergo I0/I−

conversion  on  the  electrode  surface,  directly  achieving  the
solid–solid conversion of sulfur. This work presents a paradigm for

effectively  enhancing  the  conductivity  of  sulfur  cathode  materials,
increasing  additional  capacity  and  catalyzing  sulfur  conversion
reactions, thereby significantly improving the performance of Zn–S
batteries.

 2    Experimental

 2.1    Materials
The  chemicals  and  materials  were  all  commercially  available
products  and  were  used  directly  without  further  purification.
Industrial  sulfur  powder  originated  from  Shaanxi  Yanchang
Petroleum  (Group)  Co,  Ltd.  (China),  and  iodine  was  purchased
from  Macklin.  For  the  experimental  setup,  we  employed  Zn  foil
with  a  thickness  of  50  μm  as  anode,  glass  microfiber  filter
(Whatman  GF/D),  and  a  titanium  mesh  with  a  mesh  size  of  200.
Deionized  water  used  in  all  experiments  was  purified  through  a
Millipore system (18.25 MΩ·cm).

 2.2    Synthesis of SxI
At  room  temperature,  0.7  g  of  sulfur  powder  and  0.3  g  of  iodine
were  ground  at  a  stoichiometric  ratio  of  9.3:1  until  the  color  was
uniform.  The  reactants  were  transferred  to  a  50  mL stainless  steel
autoclave  lined  with  Teflon  and  heated  at  a  rate  of  1  °C·min−1 to
80  °C  for  3  h.  The  final  product  was  named  S9.3I.  Using  a  similar
method, the stoichiometry ratio of sulfur and iodine was adjusted to
1:1,  by employing 0.2 g of  sulfur and 0.8 g of  iodine to obtain the
final product named SI.

 2.3    Structural characterizations
The morphology and microstructure of the samples were observed
by  field  emission  SEM  (MIRA4  LMH)  with  an  energy  dispersive
spectrometer  (EDS,  Ultim  Max  40).  X-ray  diffraction  (XRD)
patterns were collected using a Bruker D8 Advance diffractometer
(Cu Kα, λ = 1.5418 Å, Germany) at 40 kV and 40 mA, at a 2θ range
of  10°–80°  and a  scan rate  of  10 °·min−1.  The Raman spectra  were
obtained  by  InVia  Qontor  (λ =  785  nm,  UK).  The  samples  were
measured  on  a  TA  250  differential  scanning  calorimetry  (DSC)
protected  by  a  nitrogen  atmosphere  with  a  temperature  increase
rate of 5 °C·min−1 and a temperature increase range of 30 to 150 °C.

 2.4    Electrical conductivity measurement
The  powder  samples  were  pressed  into  5  mm  diameter  discs  and
tested  with  a  four-probe  direct  current  (DC)  resistance  tester
(Tonghui  TH2515),  in  which  an  insulation  resistance  tester  was
used  to  test  insulating  samples.  The  samples  were  placed  between
two pieces of copper foil, and four silver wires were attached to the
copper  foil  as  probes  for  the  four-point  probe  resistance
measurement.  The equation for  calculating conductivity  (σ)  is σ =
L/(RS), where R is the test resistance, S is the cross-sectional area of
the sample, and L is the distance between the two probes.

 2.5    Preparation of the disk electrodes
N-methyl-2-pyrrolidone (NMP) was used as the solvent; the active
material,  Super  P,  and  polyvinylidene  difluoride  (PVDF)  were
mixed well at the ratio of 7:2:1. The slurry was coated on a titanium
mesh, which was dried at 60 °C for 12 h in a vacuum drying oven.
The titanium mesh was cut into disc electrodes with a diameter of
12  mm.  The  obtained  disc  electrode  was  used  as  the  cathode,  the
glass  fiber  was  used  as  the  separator,  the  zinc  foil  was  used  as  the

Zhang et al. Nano Research | Vol. 19, No. 2

Nano Research, 2026, 19, 94908050 94908050 (2 of 9)

https://www.sciopen.com/article/10.26599/NR.2025.94908050
https://www.sciopen.com/article/10.26599/NR.2025.94908050
https://www.sciopen.com/article/10.26599/NR.2025.94908050
https://www.sciopen.com/article/10.26599/NR.2025.94908050
https://www.sciopen.com/article/10.26599/NR.2025.94908050
https://www.sciopen.com/article/10.26599/NR.2025.94908050
https://www.sciopen.com/article/10.26599/NR.2025.94908050
https://www.sciopen.com/article/10.26599/NR.2025.94908050


anode, and the CR2032 battery was assembled in air,  in which the
electrolyte  solution  was  1  M  Zn(OAc)2,  where  OAc  was  acetate.
The active material loading was 1–2 mg·cm−2.

 2.6    Electrochemical measurements
Cycling and rate  performance were  tested by a  battery  test  system
(CT2001A, Rand Corporation, Wuhan, China) with a voltage range
of  0.1–1.6  V.  The  cyclic  voltammetry  (CV)  and  electrochemical
impedance spectroscopy (EIS) measurements were performed by a
CHI 660E electrochemical workstation (Shanghai Chenhua, China).
The ultraviolet–visible (UV–vis) spectra were obtained on the UV-
2550  spectrophotometer.  In  the in-situ UV–vis  tests,  S9.3I  material
was  first  selected  the  open circuit  voltage  of  1.38  V.  Subsequently,
charging  was  performed  in  0.1  V  increments  from  1.4  V  up  to
1.6 V, followed by discharging in 0.1 V increments down to 0.1 V,
and finally charging again in 0.1 V increments up to 1.6 V. During
the test, each voltage was maintained for 300 s to facilitate real-time
monitoring  and  observation  of  the  iodine  conversion  process.  SI
material was first selected at 1.41 V for UV–vis testing; other testing
steps followed the same steps as described above.

 2.7    Computational details
All  the  calculations  in  this  study  were  performed  by  density
functional  theory  (DFT)  and  implemented  using  the  Vienna ab
initio simulation  package  (VASP).  The  electron–ion  interactions
were  treated  using  the  projection  enhanced  wave  (PAW)
pseudopotentials.  The  Perdew–Burke–Emzerhof  (PBE)  and
generalized gradient approximation (GGA) functions were adopted
to describe the exchange-correlation effects.  The plane wave cutoff
was  set  to  be  450  eV,  and  the  Brillouin  zone  sampling  was
calculated using a 3 × 3 × 2 grid of K-points. After optimization of
the  structure,  the  energy  converged  to  10−6 eV  per  atom  and  the
force converged to 0.02 eV·Å−1.

 3    Results and discussion
SxI was characterized by XRD measurement, and both (x = 9.3 and
1)  showed  the  characteristic  peaks  of  the  sulfur  phase  (Fig.  1(a)).
Compared  with  the  characteristic  peaks  of  commercial  sulfur,  the
peaks of S9.3I shifted to 23.20°, 25.96°, and 27.89°, and the peaks of
SI shifted to 23.22°, 25.98°, and 27.85°, corresponding to the (222),
(026),  and  (206)  crystal  planes,  respectively  (Fig.  1(b)).  With  the

 

Figure 1    Structural  and  morphological  characterization.  (a)  XRD  patterns.  (b)  Local  magnifications  of  XRD.  (c)  DSC  curves.  (d)  Raman  spectra.  (e)  The  optimized
molecular structures. (f) Electric conductivity. ((g)–(i)) SEM images.
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increase  of  iodine content,  the  peak of  SxI  shifts  to  a  higher  angle.
The  results  show  that  the  lattice  spacing  of  sulfur  decreases,
suggesting  a  strong  bonding  interaction  between  the  iodine  and
sulfur phases. The thermal properties and phase transition behavior
of these materials were analyzed by DSC, as shown in Fig. 1(c). The
melting curve of commercial sulfur shows two distinct endothermic
peaks,  indicating  that  the  crystal  structure  and  intermolecular
interactions of sulfur have changed. At 104.25 °C, the endothermic
peak  is  the  transformation  of  orthorhombic  sulfur  (α-S)  to
monoclinic sulfur (β-S), and the sulfur molecules are rearranged in
the  lattice.  At  the  endothermic  peak  of  119.58  °C,  β-S  reaches  its
melting point and undergoes a transformation process from solid to
liquid [25, 26]. When iodine is introduced to form SxI materials, the
endothermic peaks at 67.47 and 110.81 °C of S9.3I material represent
the  process  of  the  melting  change  of  the  material.  However,  SI
material  firstly  shows  glass  transition  accompanied  by  enthalpy
relaxation,  then  an  endothermic  peak  appears  at  67.47  °C  and  an
exothermic peak at 108.79 °C for the solidification cross-linking of
iodine.  These  results  further  prove  the  existence  of  a  strong
chemical  bonding  interaction  between  iodine  and  sulfur  in  SxI
materials.

The  Raman  results  (Fig.  1(d))  present  that  both  S9.3I  and  SI
exhibit characteristic peaks of sulfur at 154.04 and 218.52 cm−1, but

the  intensity  of  the  characteristic  peaks  is  significantly  weakened
compared with that of commercial  sulfur.  The characteristic peaks
of  iodine  were  displayed  at  180.45  and  189.67  cm−1,  and  the
intensity  of  the  characteristic  peaks  was  the  greatest  in  SI.  These
may result from the bonding interaction between iodine and sulfur
[27].  The  interaction  between iodine  and  sulfur  was  elucidated  by
DFT  calculations.  The  optimized  molecular  structures  of  S9.3I  and
SI are shown in Fig.  1(e).  A large number of  iodine molecules  are
intercalated between sulfur rings, and some iodine and sulfur form
chemical  bonds.  The  calculated  results  suggest  that  the  S–S  bond
length  is  2.06  Å,  the  I–I  bond  length  is  2.89  Å,  and  new  S–I
chemical  bonds  are  formed  in  S9.3I  and  SI  materials  with  bond
lengths of 2.64 and 2.58 Å, respectively.

Next, the electrical conductivity of SxI material was measured by
the  four-point  probe  resistance  to  explore  the  influence  of  iodine
atoms  on  the  electronic  structure  of  sulfur  (Fig.  1(f)).  Compared
with the conductivity of commercial sulfur (7.59 × 10−11 S·m−1),  the
conductivities of S9.3I and SI were 2.27 × 10−4 and 1.22 × 10−4 S·m−1,
respectively,  which  increased  by  7  orders  of  magnitude.  These
results  are  attributed  to  the  introduction  of  a  semiconductor
bandgap  structure  by  iodine  atoms  in  the  S8 ring  (I2,  3.13  ×
10−5 S·m−1),  which  alters  the  insulating  property  of  sulfur
itself  and  enhances  the  electron  migration  rate  [28].  As  shown

 

Figure 2    Electrochemical  performance.  (a)  GCD  profiles  at  1.5  A·g−1.  ((b)  and  (c))  The  initial  GCD  profiles  of  S9.3I  and  SI  at  1.5  A·g−1.  ((d)  and  (e))  The  differential
capacity (dQ/dV) plots of charge–discharge curves. ((f) and (g)) GCD curves of SxI at different current densities. (h) Cycling performance of SxI at 5 A·g−1.
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in Figs.  1(g)–1(i),  all  three materials  exhibit  an irregular  block-like
morphology.  Compared  with  commercial  sulfur  and  S9.3I  material
(Fig.  S1  in  the  Electronic  Supplementary  Material  (ESM)),  the
surface  of  SI  material  with  high  iodine  content  has  a  rougher
surface and abundant pores of various sizes. The energy-dispersive
spectroscopy  (EDS)  mapping  results  (Fig.  S2  in  the  ESM)
demonstrated that  S  and I  elements  were  uniformly distributed in
the SxI material.

In  order  to  evaluate  the  electrochemical  performance  of  SxI
materials, Zn–S batteries were assembled with 1 M Zn(OAc)2 as the
electrolyte.  Compared  with  the  extremely  low  initial  discharge
capacity  of  commercial  sulfur  material,  the  S9.3I  and  SI  materials
exhibit  high  discharge  capacities  of  370.32  and  220.04  mAh·g−1,
respectively,  at  a  current  density  of  1.5  A·g−1 (Fig.  2(a)).  Their
charge–discharge  voltage  differences  are  significantly  reduced,
being 0.84  and 0.76  V,  respectively  (Figs.  2(b) and 2(c)).  In  the  SI
material  with  high  iodine  content,  a  reversible  redox  conversion
reaction of I0/I− was clearly observed [29, 30], providing a discharge
capacity of 38.36 mAh·g−1 in the high voltage range of 1.20–1.40 V.
The  differential  capacity  curves  also  clearly  show  that  the  redox
peaks  corresponding  to  the  charge  and  discharge  plateaus  of  the
S9.3I and SI materials are 0.42/1.26 V and 0.43/1.19 V, respectively,
as shown in Figs. 2(d) and 2(e). Significantly, the SI material shows
a  pair  of  redox  peaks  at  1.29/1.37  V,  corresponding  to  the  redox
reaction  of  I0/I−,  which  is  consistent  with  the  result  of  the

galvanostatic charge–discharge (GCD) curves in Fig. 2(c). Then, the
overall  electrochemical  performance  of  SxI  was  evaluated  through
the  rate  performance  and  cycling  stability.  As  shown  in Figs.  2(f)
and 2(g),  at  current  densities  of  0.5,  1,  1.5,  and  2  A·g−1,  the
capacity  of  S9.3I  material  can  reach  553.27,  465.85,  370.32,  and
313.64  mAh·g−1,  and  the  SI  material  can  reach  292.27,  259.37,
220.04,  and  199.45  mAh·g−1,  respectively.  For  SI  materials,  the
discharge  capacities  provided  by  the  I0/I− redox  couple  at  different
current  densities  are  48.03,  47.77,  38.36,  and  35.55  mAh·g−1,
respectively (Fig. S3 in the ESM).

To evaluate the stability of long cycles, the voltage differences of
the charge–discharge curves of S9.3I and SI materials at the 10th, 30th,
50th,  and  100th cycles  were  conducted  (Fig.  S4  in  the  ESM).  After
350 cycles, the discharge capacity of SI reached 91.10 mAh·g−1, while
S9.3I remained at 126.30 mAh·g−1 at a high current density of 5 A·g−1

(Fig. 2(h)). In addition, compared to reported sulfur-based cathode
materials  (Table  S1  in  the  ESM),  SxI  material  exhibits  excellent
cycling stability. It is mainly attributed to the introduction of iodine
into  the  sulfur  cathode  material  to  form  SxI  material,  which
accelerates  electron  transfer.  The  iodide  ions  formed  in  the  redox
reaction  act  as  the  medium,  reducing  the  energy  barrier  required
for  the  reaction,  improving  the  voltage  lag  of  Zn–S  batteries,  and
promoting  the  reversibility  of  the  changes  at  the  zinc
deposition/dissolution interface [31, 32].

The  electron  variation  between  sulfur  and  iodine  atoms  in  SxI

 

Figure 3    ((a)  and  (b))  Charge  density  distribution.  (c)  PDOS  patterns.  (d)  TDOS  patterns.  (e)  CV  curves.  (f)  LSV  curves  for  the  reduction  processes.  (g)  The
corresponding Tafel slopes. (h) LSV curves for the oxidation processes. (i) The corresponding Tafel slopes.
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materials  was  further  revealed  by  the  differential  charge  density
distribution  (Figs.  3(a) and 3(b)).  The  yellow  and  purple  spheres
represent  S  and  I  atoms.  The  orange  region  represents  electron
accumulation,  and  the  green  region  indicates  electron  dissipation.
When new S–I  bonds  are  formed,  the  electrons  around sulfur  are
exhausted while the electrons around iodine accumulate, indicating
a close electron transfer between sulfur and iodine. Combined with
the Bader charge results, it was found that the overall average loss of
sulfur  atoms  in  S9.3I  was  0.005e−,  while  the  overall  average  loss  of
sulfur atoms in SI was 0.010e−. The partial density of states (PDOS)
and  total  DOS  (TDOS)  enable  the  analysis  of  the  contribution  of
atoms and reflect the conductivity of these materials (Figs. 3(c) and
3(d)).  Near  the  Fermi  energy  level,  iodine  in  SxI  exhibits  a  higher
DOS  contribution  than  commercial  sulfur,  suggesting  the
introduction  of  iodine  accelerates  electron  transport  [33].
Furthermore,  due  to  the  p–p  orbital  coupling  between  sulfur  and
iodine  in  SxI,  the  strength  of  S–I  bond is  increased (Fig.  S5  in  the
ESM)  [34, 35].  Notably,  compared  to  the  bandgap  of  2.68  eV  for
commercial  sulfur,  the  band  gaps  of  S9.3I  and  SI  are  significantly
reduced to 0.51 and 0.86 eV, respectively. Electrons are more likely
to  transition  from  the  valence  band  to  the  conduction  band  [36],
thereby enhancing the electrical conductivity of SxI materials, which
is consistent with the results of the electrical conductivity test.

To  evaluate  the  redox  kinetics  of  the  three  materials,  their  CV
curves  were  tested  at  a  scanning  rate  of  0.5  mV·s−1 within  the
voltage  range  of  0.1  to  1.6  V (Fig.  3(e)).  Sulfur  exhibited  a  pair  of
distinct  redox  peaks  corresponding  to  the  reduction  of  S8 and
oxidation  of  ZnS.  Compared  with  the  redox  peak  potential
difference of commercial sulfur (1.28 V), the polarization degrees of
S9.3I  and  SI  were  significantly  reduced  to  1.16  and  0.94  V,
respectively,  indicating  that  iodine  contributes  to  the  catalytic
conversion  process  of  sulfur  and  accelerates  the  kinetics  of
reversible redox reactions. The SI material has a pair of redox peaks
at  1.32/1.38  V,  corresponding  to  the  redox  of  I0/I−.  Then,  I− can
interact  with  the  surface  of  ZnS  to  dissociate  the  Zn–S  bond,  and
some I− may also be converted into I3

−,  improving the reversibility
of  cycle  [29, 37].  To  reveal  the  catalytic  effect  of  iodine,  the  Tafel
slopes  of  the  redox  reactions  were  calculated  by  linear  scanning
voltammetry  (LSV)  curves,  respectively  (Figs.  3(f) and 3(h)).
According  to  the  reduction  polarization  curves,  the  Tafel
slopes  of  S,  S9.3I,  and  SI  were  calculated  to  be  91.91,  66.51,  and
53.68  mV·dec−1,  and  the  Tafel  slopes  obtained  from  the  oxidation
polarization  curves  were  119.98,  102.86,  and  87.36  mV·dec−1,
respectively  (Figs.  3(g) and 3(i)).  SxI  shows  a  relatively  low  Tafel
slope  value  in  the  redox  reaction,  indicating  that  iodine  can

 

Figure 4    ((a) and (b)) EIS spectra of the Zn–S batteries at different temperatures in (a) S9.3I and (b) SI. (c) Comparison of the activation energies of S and SxI. ((d) and (f))
The UV–vis spectra of S9.3I and SI after 5–45 cycles. ((e) and (g)) In-situ UV–vis spectra of S9.3I and SI.
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accelerate the transport of Zn2+ and promote the activation of ZnS,
exhibiting high catalytic activity.

Variable-temperature  EIS  measurement  was  used  to  analyze
thermodynamic processes. Figures 4(a) and 4(b) show the Nyquist
diagrams and the corresponding equivalent circuit diagrams of SxI
at  25,  30,  35,  and 40 °C.  They present  a  distinct  semi-circle  in  the
high-frequency  region  and  a  diagonal  line  in  the  low-frequency
region,  indicating that  both charge transfer  and ion diffusion exist
in  the  electrochemical  reaction  process.  Compared  to  the  charge
transfer  resistance  of  commercial  sulfur  at  different  temperatures
(Fig. S6 in the ESM), S9.3I has a smaller resistance value, while SI has
the smallest resistance value, as shown in Table S2 in the ESM. The
Ea calculated  by  the  Arrhenius  equation  shows  that  the  activation
energy  of  commercial  sulfur  is  47.69  kJ·mol−1,  while  the  activation
energies  of  S9.3I  and  SI  significantly  decrease  to  31.87  and
28.48  kJ·mol−1,  indicating  that  iodine  reduces  the  energy  barrier  of
the  conversion  reaction  and  improves  the  catalytic  efficiency
(Fig.  4(c)).  The  catalytic  conversion  mechanism  of  iodine  in
different  cycle  numbers  was  investigated  by  UV–vis  spectroscopy
(Figs. 4(d) and 4(f)). The S9.3I material shows an I− absorption peak at

~  231  nm.  At  the  beginning,  with  the  increase  of  the  number  of
cycles,  the  concentration  of  I− gradually  increases  until  I− and  I0

reach  equilibrium  after  15  cycles  [38].  In  addition  to  showing  the
absorption  peak  of  I−,  the  SI  material  also  exhibits  the  absorption
peak  of  I3

− at  280  and  350  nm  [39, 40].  With  the  increase  of  the
number  of  cycles,  the  absorption  peak  intensities  of  I− and  I3

−

gradually  weaken  and  eventually  reach  equilibrium.  The
mechanism of iodine during the charging and discharging process
was further analyzed by in-situ UV–vis spectroscopy (Figs. 4(e) and
4(g) and  Fig.  S7  in  the  ESM).  During  the  complete  charging  and
discharging process of the S9.3I material, only the I− absorption peak
was  detected,  indicating  the  existence  of  a  reversible  I0 and  I−

conversion  reaction.  However,  the  SI  material  not  only  has  an
absorption  peak  of  I−,  but  also  an  absorption  peak  of  I3

− at  1.2  V
during the discharge process. It is notable that the absorption peak
of  I3

− disappears  during  the  charging  process,  indicating  that  the
dissociation  of  the  Zn–S  bond  during  the  charging  process  is
mainly  due  to  the  interaction  between  I− and  the  ZnS  surface,
promoting the rapid conversion of I3

− to I−.
To further evaluate the existence form and role of iodine in the

 

Figure 5    ((a)–(f)) SEM images of SxI after charge and discharge processes. (g) Schematic illustration of SxI cathode materials.
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electrode  material,  the  morphology  and  composition  of  the  SxI
cathode  material  were  analyzed  after  several  cycles  at  a  current
density of 1.5 A·g−1 (Figs. 5(a)–5(f)). The test results show that sulfur
and  iodine  are  still  uniformly  distributed  in  SxI  after  cycling.  The
conversion of I0 and I− on the surface of the electrode material can
directly  promote  the  rapid  reversible  reaction  between  sulfur  and
ZnS.  Combined  with  the  ultraviolet–visible  test  results,  it  can  be
obtained  that  a  part  of  the  iodine  in  the  SxI  electrode  material
undergoes redox reactions and exists in the electrolyte in the form
of ions, while the other part of the iodine remains in the electrode
material.  Based  on  the  detailed  analysis  of  the  material  structure,
kinetics,  and  thermodynamics,  the  reaction  mechanism  of  SxI  is
speculated as shown in Fig. 5(g). To address the inherent challenges
of  sluggish  kinetics  and  poor  electrical  conductivity  in  sulfur
cathode  materials  during  conversion  reactions,  iodine  was
introduced to construct SxI composite cathodes.  Firstly,  iodine can
improve the electrical conductivity of commercial sulfur. Secondly,
iodine acts as a redox medium and undergoes conversion reactions
between  I0 and  I−,  I3

−.  I− promotes  the  dissociation  of  the  Zn–S
bond,  reduces  the  energy  barrier  of  the  conversion  reaction,
improves  the  catalytic  efficiency,  and  accelerates  the  reaction
kinetics of sulfur.

 4    Conclusions
In  summary,  we  construct  a  series  of  SxI  cathode  materials  with
high electrical conductivity and catalytic activity. It was proved that
the  introduction  of  iodine  disrupted  the  S8 structure  to  form  new
S–I  bonds,  constructing  an  electron  transfer  pathway  in  SxI  and
improving  its  electrical  conductivity.  Compared  with  commercial
sulfur,  the  S9.3I  and  SI  exhibit  high  discharge  capacities  of  370.32
and  220.04  mAh·g−1 at  a  current  density  of  1.5  A·g−1.  Their
charge–discharge  voltage  differences  are  significantly  reduced,
being  0.84  V  and  0.76  V,  respectively.  The  SI  has  a  pair  of  redox
peaks  at  1.32/1.38  V,  corresponding  to  the  redox  of  I0/I−.  Then,  I−

can  interact  with  the  surface  of  ZnS  to  dissociate  the  Zn–S  bond,
and  some  I− may  also  be  converted  into  I3

−,  improving  the
reversibility of cycle.  SxI shows a relatively low Tafel slope value in
the  redox  reaction,  indicating  that  iodine  can  accelerate  the
transport of Zn2+ and promote the activation of ZnS, exhibiting high
catalytic  activity.  The  activation  energy  of  commercial  sulfur  is
47.69  kJ·mol−1,  while  the  activation  energies  of  S9.3I  and  SI
significantly  decrease  to  31.87  and  28.48  kJ·mol−1,  indicating  that
iodine  reduces  the  energy  barrier  of  the  conversion  reaction  and
improves the catalytic efficiency. The dissociation of the Zn–S bond
during  the  charging  process  is  mainly  due  to  the  interaction
between I− and the ZnS surface, promoting the rapid conversion of
I3

− to I−. This work will promote the application and development of
conversion materials in the field of energy storage technology.
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