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ABSTRACT: Rechargeable  magnesium-ion  batteries
(RMBs)  are  considered  promising  energy  storage  devices
due  to  their  high  energy  density,  low-cost,  and  reliable
safety.  However,  their  development  is  still  constrained  by
problems such as sluggish Mg2+ diffusion kinetics and poor
structural  stability.  Herein,  an  urchin-like  VS4@Bi2S3

heterostructure  cathode  with  moderate  sulfur  vacancy
concentration  and  well-defined  heterointerfaces  has  been
successfully  constructed  through  in-situ  growing  Bi2S3

nanorods  on  VS4  microspheres  via  rapid  (25  min)
microwave-assisted  solvothermal  method.  The  appropriate
sulfur  vacancies  provide  abundant  active  sites  while
mitigating  structural  degradation  caused  by  excessive
defects.  Besides,  the  material  forms  a  Type-II  heterojunction  via  V-S-Bi  interfacial  chemical  bridging,  inducing  a  built-in
electric  field  that  significantly  enhances  electron  transport,  facilitates  Mg2+  adsorption  (−1.90  eV)  and  diffusion  (energy
barrier of 0.47 eV), and buffers volume changes during cycling. Electrochemical evaluations demonstrate that the optimized
VS4@Bi2S3 electrode delivers  an  initial  discharge  capacity  of  1407.69  mAh·g−1 and  stabilized  at  about  353.50  mAh·g−1 at
0.05 A·g−1, which is significantly higher than that of VS4 (227.31 mAh·g−1) and Bi2S3 (152.29 mAh·g−1). A combination of ex-
situ/in-situ  characterization  and  theoretical  simulations  reveals  the  synergistic  magnesium  storage  mechanism  involving
intercalation  and  nanoconfined  conversion  reactions,  along  with  interfacial  dynamic  stabilization.  This  work  offers  new
insights into rational material design and mechanistic understanding for developing high energy density and long-life RMBs.

KEYWORDS: heterostructure, sulfur vacancy, interface engineering, cathode material, magnesium-ion battery 

 

 1    Introduction
Driven by the global goal of carbon neutrality, the development and
utilization  of  renewable  energy  sources,  such  as  solar,  wind,  and
geothermal power have gained worldwide consensus. However, the

inherent  intermittency,  geographical  constraints,  and  instability  of
renewables  necessitate  the  support  of  large-scale  energy  storage
technologies  to  facilitate  a  reliable  energy  transition  [1−3].  In  this
context,  electrochemical  energy  storage  has  emerged  as  a  key
enabler,  with  metal-ion  batteries  playing  a  central  role.  Among
them, lithium-ion batteries (LIBs) have long dominated markets for
portable electronics and electric vehicles. However, their sustainable
application in grid-scale energy storage is increasingly challenged by
the  scarcity  and  uneven  distribution  of  lithium resources,  coupled
with  rising  costs  and  supply  chain  vulnerabilities.  To  diversify
energy  storage  technologies,  research  into  alternative  metal-ion
batteries has intensified [4, 5].  Sodium-ion batteries (SIBs), though
cost-effective  due  to  abundant  sodium  resources,  still  suffer  from
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limited  energy  density  [6, 7].  In  comparison,  rechargeable
magnesium-ion  batteries  (RMBs)  present  a  compelling
combination  of  advantages.  For  example,  magnesium  (Mg)  is  not
only  earth-abundant  and  low-cost,  but  also  offers  a  high
theoretical  volumetric  capacity  of  3833  mAh·cm−3,  which  is
significantly  surpassing  that  of  lithium  and  sodium  [8−10].  More
importantly,  magnesium  exhibits  minimal  to  dendrite  formation
during  plating/stripping  processes,  which  substantially  improves
safety [11−13].

Despite  the  promising  potential  of  RMBs,  their
commercialization still faces the major challenge of developing high-
performance cathode materials (such as high capacity, fast kinetics,
highly  reversible  Mg2+ insertion/extraction  and  structural  stability)
[14−16].  There  is  usually  a  strong  Coulombic  interaction  between
the double-charged Mg2+ ions and the host lattice framework, which
leads  to  sluggish  solid-state  diffusion  kinetics  and  consequently
significant  polarization,  limited  specific  capacity,  and  poor  rate
performance. Thus, cathode materials represent a critical bottleneck
restricting the overall electrochemical performance of RMBs [17, 18].
Extensive  research  has  been  devoted  to  exploring  various  cathode
systems,  including  Chevrel  phases,  layered  oxides,  polyanionic
compounds, and conversion-type materials [19, 20]. Among them,
transition  metal  sulfides  (TMS)  stand  out  due  to  their  unique
structural  advantages.  Compared  to  their  corresponding  oxides,
TMS  possess  a  more  flexible  anion  lattice,  and  the  higher
polarizability  of  S2− ions  helps  screen  the  strong  Coulombic
attraction between Mg2+ and the host framework, thereby reducing
the diffusion energy barrier. Moreover, TMS materials often enable
multi-electron transfer redox reactions, which contribute to higher
specific capacity [21−23].

To  further  enhance  the  magnesium  storage  capacity  of  TMS,
researchers  have  developed  a  series  of  effective  material
modification  strategies,  including  defect  engineering  and  the
construction of  heterostructures [24−26].  For example,  Chen et  al.
employed  an  interlayer  cationic  defect  engineering  strategy  to
incorporate Mg2+ into the lamellar framework of sodium vanadate,
forming  a  defect-rich  d-MgNVO  cathode  [24].  The  intercalated
Mg2+ defects  serve  as  structural  pillars  and  electronic  modulators,
confining the diffusion pathways of Mg2+ along a favorable direction
and  inducing  a  semiconductor-to-conductor  transition  via  3d
orbital  splitting.  This  electronic  restructuring  lowers  the  migration
energy  barrier  and  enhances  both  ionic  and  electronic
conductivities. As a result, the d-MgNVO cathode achieves superior
magnesium  storage  performance,  enabling  a  high  reversible
capacity  of  33.2  mAh·g−1 after  5000 cycles  in  a  full  cell.  Jiang et  al.
developed  a  microwave-induced  defect  engineering  strategy  to
construct  a  synergistic  defect  structure  in  VS4 featuring  abundant
sulfur  vacancies  and  V3+ self-doping  [25].  The  lattice  charge
redistribution induced by  sulfur  vacancies,  combined with  valence
state  modulation  between  V3+/V4+,  directly  regulates  the  electronic
structure  and  ion  transport  pathways  of  VS4.  This  effectively
suppresses irreversible structural distortion during cycling, enabling
a  retained  capacity  of  48.63  mAh·g−1 after  800  cycles  at  1.0  A·g−1.
Zhang et al. constructed a V2C@VS4 heterostructure through a one-
step  hydrothermal  interfacial  coupling  strategy  [26].  The  V–S
covalent  bonds  formed  between  V2C  MXene  and  VS4 induce
electron transfer from V2C to VS4, directly regulating the electronic
structure of the interface and facilitating the formation of a built-in
electric  field.  This  significantly  enhances  the  interfacial  charge
transfer  kinetics  and  Mg2+ diffusion  rate,  while  effectively

suppressing  the  structural  collapse  of  V2C  layers  and  the
agglomeration  of  VS4 during  cycling.  As  a  result,  the  V2C@VS4

heterostructure  exhibits  an  outstanding  long-cycle  stability.  In  this
manner,  a  cathode  material  ingeniously  designed  to  combine  a
defect  engineering  with  a  heterogeneous  interface  construction
strategy holds promise for overcoming the challenges.

VS4 is  known  for  its  1D  linear  chain  structure,  where  the  wide
interchain  spacing  and  weak  van  der  Waals  interactions  facilitate
Mg2+ intercalation.  However,  VS4 exhibits  poor  intrinsic  electronic
conductivity  and  is  prone  to  structural  degradation  and  severe
polarization  during  cycling,  leading  to  rapid  capacity  fading  and
unsatisfactory  rate  performance  [27, 28].  Bi2S3 possesses  a  layered
semiconductor structure that also favors ion insertion/extraction. In
RMBs,  Bi2S3 undergoes  a  multi-electron  conversion-alloying
reaction,  offering  a  substantial  capacity  basis  for  magnesium
storage.  Moreover,  its  use  as  a  cathode  effectively  mitigates
magnesium  anode  passivation,  thereby  promoting  reversible  Mg2+

plating/stripping and improving overall electrochemical reversibility
[29].  Nonetheless,  Bi2S3 also  suffers  from  low  conductivity  and
structural  stacking  collapse  during  repeated  charge–discharge
cycles,  resulting  in  poor  long-term  stability  [30].  To  address  these
limitations,  we  designed  a  VS4@Bi2S3 heterostructure  in  this  work,
which consists of Bi2S3 nanorods epitaxially grown from a spherical
VS4 cores. In particularly, sulfur vacancies were introduced using a
microwave-assisted  solvothermal  method,  effectively  integrating
defect engineering with heterointerface construction. An optimized
VS4@Bi2S3 heterostructure  (VS4@Bi2S3-2)  with  moderate  sulfur
vacancies  and  a  well-defined  heterointerface  was  obtained  by
adjusting  the  molar  ratio  of  vanadium  to  bismuth  sources.  The
controlled  vacancy  concentration  provides  abundant  active  sites
without compromising structural integrity, while the heterointerface
enhances  charge  transfer  and  accommodates  volume  variation
during cycling. As a result, the VS4@Bi2S3-2 electrode delivers a high
initial  discharge  capacity  of  1407.69  mAh·g−1 at  0.05  A·g−1,  along
with  remarkable  rate  capability  and  extended  cycling  durability.
The capacity retention rate is approximately 91.4% after 2000 cycles
at 1 A·g−1. This work establishes a new paradigm for coupling defect
and  heterointerface  engineering,  highlighting  the  importance  of
designing  cathodes  with  high  electronic  and  ionic  conductivity
alongside high structural stability for practical RMBs.

 2    Results and discussion
Figure 1(a) illustrates the synthesis of VS4@Bi2S3, in which abundant
VS4 nuclei  initially  form  throughout  the  solution.  To  minimize
surface  energy,  these  nuclei  evolve  into  spherical  nanoparticles,
serving  as  high-surface-area  heterogeneous  substrates  for  the
subsequent  deposition  of  Bi2S3.  Microwave  heating  enables  rapid
and  uniform  temperature  rise,  promoting  concurrent  nucleation
and  growth  of  both  VS4 and  Bi2S3 while  suppressing  their
independent  precipitation.  The  rapid  thermal  effect  further
enhances  ion  exchange,  disrupting  the  lattice  integrity  of  VS4 and
inducing  a  high  density  of  sulfur  vacancies  [31].  The
semiconducting  nature  of  VS4 and  Bi2S3 originates  from  their
confined  valence  and  conduction  bands  [32].  During
heterojunction formation, strong orbital hybridization occurs at the
interface:  V  3d  and  Bi  6p  orbitals  hybridize  with  S  3p  orbitals,
forming  robust  V-S-Bi  chemical  bridges  that  facilitate
heterointerface  formation. Figures  1(b) and 1(c) present  scanning
electron  microscopy  (SEM)  images  of  the  VS4@Bi2S3
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heterostructure.  For  comparison,  VS4,  Bi2S3,  and  VS4@Bi2S3 with
varying  bismuth  precursor  ratios  were  synthesized  under  similar
conditions.  The  VS4@Bi2S3 samples  prepared  with  vanadium  to
bismuth  sources  at  molar  ratios  of  1:0.075,  1:0.1,  and  1:0.125  are
denoted as VS4@Bi2S3-1, VS4@Bi2S3-2, and VS4@Bi2S3-3, respectively.
SEM  images  reveal  that  VS4 appears  as  uniform  microspheres,
while  bare Bi2S3 appears  as  nanoparticles  (Fig.  S1 in the Electronic
Supplementary  Material  (ESM)).  In  contrast,  an  urchin-like
VS4@Bi2S3 architecture is observed in the nanocomposite (Fig. S2 in
the  ESM),  indicating  that  Bi2S3 grows  into  a  spinous  morphology
via epitaxial growth on the VS4 microsphere core, and that they can
form  a  robust  heterostructure.  Furthermore,  with  increase  of
bismuth content, the heterostructure evolves from incomplete short-
nanorod  coverage  (VS4@Bi2S3-1)  to  a  dense  long-spines  epitaxial
layer (VS4@Bi2S3-3), while the VS4@Bi2S3-2 exhibits uniform urchin-
like  morphology  with  appropriate  and  vertical  nanorods  features.
Transmission  electron  microscope  (TEM)  images  further  confirm
the  nanorods-on-microsphere  nanocomposite  architecture
(Figs.  1(d) and 1(e)).  High-resolution  TEM  (HRTEM)  reveals
lattice  fringes  of  0.581,  0.559,  and  0.356  nm  in  VS4@Bi2S3,
corresponding to  the  (011)  crystal  plane of  VS4 and the  (020)  and

(130)  crystal  planes  of  Bi2S3 (Figs.  1(f)–1(h)),  respectively.  Clear
grain  boundaries  between  spines  and  microsphere  domains
confirm successful heterojunction formation. Selected-area energy-
dispersive X-ray spectroscopy (EDS) patterns in Fig.  1(i) and Figs.
S3 and S4 in the ESM reveal the uniform distribution of V, Bi, and
S  elements  within  the  respective  samples.  X-ray  diffraction  (XRD)
confirms the coexistence of both phases, with Bi2S3 peak intensities
increasing with bismuth content (Fig. 1(j) and Fig. S5 in the ESM).
Notably, the enhanced (020) diffraction peak of Bi2S3 suggests lattice
matching  with  the  (011)  crystal  plane  of  VS4,  consistent  with
HRTEM  observations  [33, 34].  The  VS4@Bi2S3 possesses  a  specific
surface area of 57.19 m2·g−1,  higher than those of VS4 (44.39 m2·g−1)
and Bi2S3 (48.73 m2·g−1) (Fig. S6 in the ESM). The increased surface
area  promotes  active  site  accessibility  and  electrolyte  wettability,
thereby  enhancing  magnesium  storage.  Moreover,  the  pore  size
distribution curves reveal that the VS4@Bi2S3 heterostructure retains
rich  micropores (<  2  nm)  and  mesopores  (2–30  nm),  offering
efficient pathways for Mg2+ transport.

As  shown  in Fig.  1(k),  in  the  electron  paramagnetic  resonance
(EPR) test at low temperature (100 K), VS4 and the series VS4@Bi2S3

heterostructure exhibited a characteristic resonance signal with a g-

 

Figure 1    (a) Schematic illustration of the synthesis of VS4@Bi2S3. (b) and (c) SEM images, (d) and (e) TEM images, and (f)−(h) HRTEM images of VS4@Bi2S3-2. (i) SEM
image and corresponding EDS map of VS4@Bi2S3-2. (j) XRD patterns of VS4, Bi2S3, and VS4@Bi2S3-2. (k) EPR patterns of VS4, Bi2S3 and VS4@Bi2S3. (l) High-resolution XPS
spectra of V 2p for VS4 and VS4@Bi2S3-2. (m) High-resolution XPS spectra of Bi 4f and S 2p for VS4, Bi2S3, and VS4@Bi2S3-2.
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value of 1.981, which can be attributed to the paramagnetic centers
formed by sulfur vacancies capturing unpaired electrons [25, 35]. It
can  be  observed  that  the  sulfur  vacancy  concentration  does  not
change  monotonically  with  increasing  bismuth  source  content,
since  the  intensity  of  the  EPR  signal  reflects  the  relative
concentration  of  sulfur  vacancies.  This  phenomenon  reveals  the
competition  between  the  two  effects  of “interface  strain  induced
defects” and “interface  bonding  repair  defects” in  the  formation
process  of  heterojunctions  [36, 37].  Bi2S3 forms  moderate  epitaxial
coverage  on  the  VS4 surface,  where  interfacial  bonding  effectively
repairs  intrinsic  sulfur  vacancies  on  the  VS4 surface,  resulting  in
lower  EPR  signal  intensities  for  VS4@Bi2S3-1  and  VS4@Bi2S3-2
compared  to  pure  VS4.  Conversely,  introducing  more  bismuth
sources  induces  significant  interfacial  lattice  mismatch  and  strain.
To  release  strain  energy,  the  system  tends  to  induce  new  sulfur
vacancies near the VS4 interface,  resulting in higher sulfur vacancy
concentrations  in  VS4@Bi2S3-3  compared  to  pure  VS4 [38, 39].  To
further analyze the electron flow and atomic chemical states within
the  heterostructure,  X-ray  photoelectron  spectroscopy  (XPS)
measurements  were  performed  on  VS4,  Bi2S3,  and  VS4@Bi2S3

samples.  The  survey  spectra  reveal  characteristic  elemental  peaks
corresponding to  VS4 and Bi2S3 within  VS4@Bi2S3-2  (Fig.  S7  in  the
ESM). Figures  1(l) and 1(m) display  the  high-resolution  XPS
spectra  of  V  2p,  Bi  4f,  and  S  2p  for  VS4 and  Bi2S3,  as  well  as  the
VS4@Bi2S3 nanocomposite.  Compared  to  VS4 and  Bi2S3,  the  V  2p
and  S  2p  peaks  in  the  VS4@Bi2S3-2  nanocomposite  shift  toward
lower  binding  energies,  while  the  Bi  4f  peak  shifts  toward  higher
binding  energies.  This  arises  from  Fermi  level  alignment  between
the  two  semiconductors,  resulting  in  reduced  electron  density
around  Bi  atoms  and  increased  electron  density  around  V  atoms.
This  indicates  electron  transfer  from  Bi2S3 to  VS4,  confirming
the  formation  of  a  built-in  electric  field  at  the  VS4@Bi2S3

heterointerface [40].
Density  functional  theory  (DFT) calculations  were  employed to

predict  the  magnesium  storage  capacity  of  VS4,  Bi2S3,  and  the
VS4@Bi2S3 nanocomposite.  This  evaluation  encompassed  charge
transfer,  electronic  state  distribution,  and  the  adsorption/diffusion
kinetics  of  magnesium  ions.  The  computational  models  for  VS4,
Bi2S3, and the VS4@Bi2S3 nanocomposite are present in Figs. S8–S10
in the ESM. As clearly shown by the differential charge calculations
and 2D cross-sectional diagrams of VS4@Bi2S3 in Figs. 2(a)–2(c), the
electron density decreases around Bi2S3 at the heterointerface while
increasing near VS4. This further confirms that electrons flow from
the  bulk  Bi2S3 toward  VS4 at  the  heterointerface.  Notably,  the
electron  cloud  within  VS4 undergoes  localized  polarization,
enhancing the stability of the heterointerface bonding. Additionally,
adsorption  energy  calculations  were  performed  for  the  Mg2+

structures  on  optimized  VS4,  Bi2S3,  and  VS4@Bi2S3 (Fig.  2(d)).  The
VS4@Bi2S3 heterostructure  exhibits  a  lower  adsorption  energy
(−1.90 eV) than VS4 (−0.59 eV) and Bi2S3 (−1.06 eV), indicating that
the  heterostructure  enhances  Mg2+ capture  capacity  to  facilitate
subsequent  Mg2+ insertion.  In  addition,  density  of  states  (DOS)
calculations was performed to reveal the electronic structures in the
three  configurations  (Figs.  2(e)–2(h)).  According  to  the
calculations, the bandgap of VS4, Bi2S3 and VS4@Bi2S3 is 0.643, 1.488,
and  0.310  eV,  respectively.  The  total  DOS  in Fig.  2(e) clearly
demonstrates that the VS4, Bi2S3, and the VS4@Bi2S3 nanocomposite
all  exhibit  semiconductor properties.  Strong interfacial  interactions
significantly  reduce  the  overall  bandgap  of  the  nanocomposite
material,  enhancing  its  intrinsic  conductivity  [41].  More

importantly, the reduced density of states peak near the Fermi level
reveals  electronic  state  restructuring  caused  by  interfacial  orbital
hybridization.  This  provides  an  ideal  pathway  for  the  effective
spatial  separation  of  electron–hole  pairs,  theoretically  predicting
superior  electrochemical  performance,  which  is  in  line  with  our
expectations. The partial density of states (PDOS) in Figs. 2(f)–2(h)
further  reveals  strong  intramolecular  orbital  hybridization  within
both VS4 and Bi2S3, as well as within the VS4@Bi2S3 nanocomposite,
while  the  heterointerface  exhibits  high  stability.  Notably,  in  the
valence  band  region,  the  heterostructure  utilizes  S  p  orbitals  as  a
bridge to mediate  hybridization between V d and Bi  p orbitals.  In
the  conduction  band  region,  V  d  orbitals  become  dominant,
incorporating  S  p  and  Bi  p  orbitals  into  their  extended  electronic
states.  This coexistence of band-dominated partitioning and cross-
boundary  orbital  hybridization  constitutes  a  typical  Type-II
heterojunction  electronic  structure,  providing  an  ideal  electronic
pathway  for  achieving  efficient  interfacial  charge  separation  and
rapid  electron  transport  [42].  To  further  investigate  the  kinetic
evolution  of  Mg2+ diffusion,  the  corresponding  diffusion  energy
barriers  were  simultaneously  calculated  based  on  the  diffusion
pathways of  Mg2+ along the surfaces  of  VS4 and Bi2S3,  as  well  as  at
the  VS4@Bi2S3 heterointerface  (Figs.  2(i)–2(k)).  As  shown  in
Fig.  2(l),  the  diffusion  energy  barrier  for  VS4@Bi2S3 (0.47  eV)  is
significantly  lower  than  that  for  pristine  VS4 (0.84  eV)  and  Bi2S3

(0.67  eV),  indicating  superior  Mg2+ diffusion  kinetics  at  the
VS4@Bi2S3 heterointerface.  The  formation  of  an  intrinsic  electric
field  provides  an  electrostatic  driving  force  that  substantially
reduces the barrier to Mg2+ diffusion.

To  ensure  the  electrochemical  performance  evaluation  in  this
study  is  based  on  a  stable  battery  system,  we  systematically
characterized  the  selected  electrolyte  and  the  magnesium  metal
interface.  Linear  sweep  voltammetry  (LSV)  tests  (Fig.  S11  in  the
ESM) indicate that the reduction stability limit of this electrolyte is
approximately 0.1 V vs. Mg2+/Mg, while its oxidation stability limit
exceeds  2.0  V,  providing  a  foundation  for  the  operational  voltage
window of  0.1–1.8  V.  Mg||Mg symmetric  battery  testing  serves  as
an  effective  method  for  assessing  interface  stability.  The  battery
exhibits  a  stable,  low  overpotential  and  can  cycle  steadily  for  over
200  h  without  signs  of  short-circuiting  (Fig.  S12  in  the  ESM),
demonstrating  good  reversibility  of  Mg  plating/stripping  and
favorable interfacial stability. In addition, our analysis of the cycled
copper  current  collector  and  stainless-steel  hardware  (Fig.  S13  in
the ESM) demonstrates that both the copper foil and the stainless-
steel components remain macroscopically intact without significant
signs of dissolution or corrosion. The results indicate that although
the  potential  decreases  after  cycling  within  the  0.1–1.8  V,  the
corrosiveness  of  the  selected  electrolyte  system  to  the  battery
hardware is negligible.

To  evaluate  the  impact  of  the  voltage  window  and  electrolyte
decomposition  on  capacity,  we  compared  the  electrochemical
performance  at  different  lower  cut-off  voltages  (Fig.  S14  in  the
ESM).  When  the  lower  cut-off  voltage  was  increased  from  0.1  to
0.2  V,  the  initial  discharge  capacity  decreased  from  1407.7  to
1044.5 mAh·g−1.  When the  cut-off  was  further  raised to  0.4  V,  the
initial  discharge  capacity  dropped  to  779.8  mAh·g−1.  This  result
confirms  that  a  substantial  portion  of  the  capacity  (approximately
363.2  mAh·g−1)  originates  from  irreversible  processes  occurring
below  0.2  V.  However,  the  initial  Coulombic  efficiency  (ICE)  did
not  improve  systematically  with  the  increase  in  cut-off  voltage.  At
0.4  V,  the  ICE  was  47.4%,  slightly  lower  than  the  49.3%  at  0.1  V.
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This  may  be  due  to  slower  kinetics  of  magnesium intercalation  at
higher  cut-off  voltages,  which  allows  charge  to  be  more  readily
consumed  by  persistent  interfacial  side  reactions.  Furthermore,  to
directly quantify the contribution from electrolyte decomposition, a
pure  carbon  electrode  was  tested  within  a  voltage  range  of
0.1–1.8 V (Fig. S15 in the ESM). The results show that the capacity
contributed  solely  by  electrolyte  decomposition  is  about
41.6  mAh·g−1.  This  value  is  significantly  lower  than  the  total
observed irreversible capacity, indicating that the major irreversible
consumption  is  not  due  to  bulk  electrolyte  decomposition  but  is
closely  related  to  more  complex  interfacial  reactions  occurring  on
the surface of  VS4@Bi2S3 heterojunction material  with high surface
area.  These  reactions  may  include  the  irreversible  reduction  of
electrolyte  at  defects  and  active  sites,  as  well  as  the  formation  of
cathode/electrolyte  or  solid  electrolyte  interphase  (CEI/SEI)  layers
accompanying  Mg2+ intercalation/conversion  reactions.  Thus,  the

voltage  window  of  0.1–1.8  V  was  selected  for  this  study  to  fully
exploit  the  intrinsic  advantages  of  this  heterojunction  material  in
terms of reversible capacity and cycling life, while ensuring that the
electrolyte does not undergo significant decomposition.

Based on the superior structural characteristics of VS4@Bi2S3 and
supported by DFT theoretical calculations, it  was assembled into a
half-battery  with  Mg  foil  as  the  counter  electrode  to  evaluate  its
Mg2+ storage  performance. Figures  3(a)–3(c) show  the  initial  five-
cycle  cyclic  voltammetry  (CV)  curves  of  the  VS4,  Bi2S3,  and
VS4@Bi2S3-2  electrodes  at  0.1  mV·s−1,  respectively.  The  results
indicate  that  the  redox  process  of  VS4@Bi2S3-2  encompasses
characteristic peaks from both VS4 and Bi2S3. As cycling progressed,
polarization decreased for VS4 while increasing for Bi2S3, indicating
gradual  activation  of  VS4 and  potential  agglomeration  of  Bi2S3

nanoparticles  [43].  Of  significance  is  that  the  nanocomposite
structure  exhibits  the  same  activation  phenomenon  as  VS4 while

 

Figure 2    Differential charge density and 2D projection of the VS4@Bi2S3 for (a) front view, (b) side view, and (c) top view. (d) Mg2+ adsorption energies for VS4, Bi2S3, and
VS4@Bi2S3.  (e)  DOS and  (f)–(h)  PDOS for  VS4,  Bi2S3,  and  VS4@Bi2S3.  (i)–(k)  Schematic  migration  pathways  of  Mg2+ in  VS4,  Bi2S3,  and  VS4@Bi2S3.  (l)  Diffusion  energy
barriers for Mg2+ in VS4, Bi2S3, and VS4@Bi2S3.
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suppressing  the  tendency  for  increased  polarization  in  Bi2S3.  This
indicates  that  the  support  and  interfacial  coupling  effects  of  VS4

stabilize  the  Bi2S3 structure,  buffer  volume  changes,  and  mitigate
Bi2S3 agglomeration  during  charging  and  discharging.  The
synergistic  contribution  of  both  components  enhances  the
reversibility  of  the  reaction. Figure  3(d) shows  the  short-cycle
performance  of  VS4,  Bi2S3,  and  VS4@Bi2S3 at  a  current  density  of
50  mA·g−1.  The  initial  discharge  capacities  of  VS4,  Bi2S3 and
VS4@Bi2S3 are 989.46, 1175.23 and 1407.69 mAh·g−1,  and their ICE
are  41.8%,  14.8%  and  49.3%,  respectively.  The  increased  specific
surface  area  of  the  nanocomposite  leads  to  lower  ICE  due  to  the
formation of the solid electrolyte interphase (SEI) film. However, it
rapidly  recovers  and  stabilizes  at  100%  after  10  cycles.  The  high
discharge  capacity  of  the  VS4@Bi2S3 nanocomposite  confirms  that

the  heterojunction  enhances  ion  diffusion,  while  sulfur  vacancies
promote  the  full  utilization  of  active  sites,  effectively  boosting
magnesium storage capacity.

The galvanostatic charge–discharge (GCD) curves for VS4,  Bi2S3

and  VS4@Bi2S3-2  are  shown  in Fig.  3(e) and  Fig.  S16  in  the  ESM.
During  the  first  five  cycles,  the  VS4@Bi2S3 nanocomposite  clearly
exhibits  characteristic  potential  plateaus  corresponding  to  the
magnesium  ion  insertion  into  VS4 and  Bi2S3,  respectively,
confirming the synergistic contribution of both components.  After
50  cycles,  the  discharge  specific  capacity  of  VS4@Bi2S3

nanocomposite  stable  at  389.42  mAh·g−1,  which  is  significantly
higher than that of VS4 (240.28 mAh·g−1) and Bi2S3 (93.66 mAh·g−1).
Additionally,  the  discharge  plateau  of  the  VS4@Bi2S3

nanocomposite,  especially  bare  Bi2S3,  shortened  from  0.2  to  0.1  V
 

Figure 3    CV curves of (a) VS4, (b) Bi2S3, and (c) VS4@Bi2S3-2. (d) Short-cycle performance of VS4, Bi2S3, and VS4@Bi2S3-2. (e) GCD curve of VS4@Bi2S3-2 at 50 mA·g−1. (f)
Rate performance of VS4, Bi2S3, and VS4@Bi2S3-2. (g) GCD curves of VS4@Bi2S3-2 at current densities from 50 to 1000 mA·g−1. (h) Long-term cycling performance of VS4,
Bi2S3, and VS4@Bi2S3-2. (i) Performance comparison of VS4@Bi2S3-2 with previously reported sulfide-based RMBs cathodes [41, 44, 46−54].
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after  multiple  cycles,  which  is  attributed  to  the  structural  collapse
and reconstruction of  the epitaxial  Bi2S3 due to volume expansion.
Figure  3(f) compares  the  rate  performance  of  VS4,  Bi2S3,  and
VS4@Bi2S3-2  at  current  densities  of  0.05,  0.1,  0.3,  0.5,  0.7,  and
1.0 A·g−1.  At corresponding current densities, the discharge specific
capacities  of  the  VS4@Bi2S3 nanocomposite  are  374.99,  248.17,
171.58,  136.99,  113.92,  and  97.66  mAh·g−1,  respectively.  When  the
current  density  was  restored  to  0.05  A·g−1,  it  still  maintained  a
reversible  specific  capacity  higher  than  that  of  the  initial  cycle
(392.24  mAh·g−1),  indicating  that  VS4@Bi2S3 exhibits  excellent
reversibility.  This  result  can  be  attributed  to  the  stable
heterointerface  that  alleviates  the  stress  during  charging  and
discharging  and  maintains  good  electronic  conduction  and  ion
transport.  Furthermore,  the  GCD  curves  of  the  VS4@Bi2S3

nanocomposite at different current densities further demonstrate its
superior  rate  performance  compared  to  bare  VS4 and  Bi2S3

(Fig.  3(g) and  Fig.  S17  in  the  ESM).  To  further  investigate  the
impact  of  heterointerface  construction  on  electrochemical
performance,  long-term  cycling  performance  was  evaluated
(Fig.  3(h)).  Specifically,  it  was first  cycled 10 cycles  at  0.05 A·g−1 to
form a stable SEI film and activate active sites, and then the current
density was increased to 1.0 A·g−1 for subsequent cycling tests. One
can  clearly  see  that  VS4@Bi2S3-2  exhibits  higher  discharge  specific
capacity and superior cycling stability than bare VS4 and bare Bi2S3.
After  2000  cycles,  the  capacity  of  VS4@Bi2S3-2  remained  at
80.43  mAh·g−1 with  capacity  retention  rate  of  91.4%,  significantly
higher than that of pure VS4 (36.99 mAh·g−1, 50.9%) and pure Bi2S3

(2.33  mAh·g−1,  7.7%).  Furthermore,  we  conducted  reproducibility
tests  on  multiple  batteries  of  VS4@Bi2S3-2.  Figure  S18  in  the  ESM
displays  the  cycling  performance  and  the  corresponding  average
Coulombic  efficiency  of  three  independent  batteries  at  1.0  A·g−1.
The  results  indicate  that  the  capacity  fluctuations  observed  during
long-term  cycling  may  originate  from  the  local,  dynamic
reconstruction of the active material. The heterojunction interfaces
and  the  moderate  sulfur  vacancies  effectively  buffer  the  volume
stress, limit the extent of irreversible phase transformations and side
reactions,  and  confine  the  unstable  conversion  reactions  within
highly  reversible  nanoscale  domains  [44].  We  also  compared  the
electrochemical  processes  and  performance  of  VS4@Bi2S3 with
different bismuth source contents (Fig. S19 in the ESM). Although
VS4@Bi2S3-1,  VS4@Bi2S3-2,  and  VS4@Bi2S3-3  exhibited  similar
electrochemical  processes  and  comparable  total  capacities,  their
reaction  pathway  distribution  and  cycling  stability  showed
significant  differences.  With  increasing  bismuth  content,  the
discharge  plateau  of  VS4@Bi2S3 is  prolonged in  the  range  of  0.2  to
0.1 V, while the plateau from 1.2 to 0.8 V shortens to some extent.
This  indicates  reaction  pathway  optimization  and  active  site
competition  regulated  by  the  heterointerface  throughout  the
discharge process. Figure S20 in the ESM compares the short-cycle
performance,  rate  performance,  and  long-cycle  performance  of
various VS4@Bi2S3 electrodes, which results indicate that VS4@Bi2S3-
2  exhibits  the  most  stable  cycling  performance.  For  VS4@Bi2S3-1,
insufficient  bismuth  supply  resulted  in  deficient  coverage  of  the
Bi2S3 nanorods  on  VS4 microsphere.  Although  this  discontinuous
heterojunction promoted ion migration to some extent, it tended to
become a stress concentration point during cycling, accelerating the
overall  structural  degradation.  For  VS4@Bi2S3-3,  a  higher  bismuth
source  induces  the  generation  of  high-concentration  sulfur
vacancies. While these vacancies provide abundant active sites, they
also  severely  compromise  the  integrity  of  the  crystal  structure,

causing  the  material  to  suddenly  collapse  due  to  accumulated
structural damage during long-term cycling, manifesting as battery
overcharge  failure  [45].  In  contrast,  the  moderate  sulfur  vacancy
concentration  in  VS4@Bi2S3-2  provides  essential  active  sites  while
avoiding  the  instability  caused  by  uneven  coating  layers  and  high
defect  concentrations,  thus  making  it  a  preferred  sample  for
detailed  study.  Furthermore,  among  most  existing  sulfide-based
cathode  materials  for  RMBs,  VS4@Bi2S3-2  exhibits  superior
electrochemical performance (Fig. 3(i) and Table S1 in the ESM). In
summary, this study successfully combined defect engineering with
heterointerface  engineering  to  precisely  design  VS4@Bi2S3

nanocomposites  with  structural  advantages  and  enhanced
electrochemical  performance  through  composition  control.  This
approach  provides  novel  insights  and  effective  strategies  for
designing RMBs cathode materials that simultaneously achieve high
capacity and long cycle life.

To further  analyze  the  electrode reaction kinetics  and evolution
of  interfacial  electrochemical  behavior  in  the  VS4@Bi2S3

heterostructure,  the  magnesium  storage  electrochemical  kinetic
mechanisms were  investigated through CV tests  at  low scan rates,
galvanostatic  intermittent  titration  technique  (GITT)  test,  and in-
situ electrochemical  impedance  spectroscopy  (EIS)  analysis.  The
CV  curves  of  VS4@Bi2S3-2  nanocomposite,  VS4 and  Bi2S3 at  scan
rates  of  0.1–1.0  mV·s−1 are  shown  in Fig.  4(a) and  Fig.  S21  in  the
ESM.  One  can  see  that  the  CV  curves  of  the  VS4@Bi2S3

nanocomposite  clearly  exhibits  characteristic  peaks  from  VS4 and
Bi2S3,  and  maintains  distinct  peak  shapes  and  high  response
currents  even  at  progressively  increasing  scan  rates,  indicating  its
excellent  rapid  charge–discharge  capability.  To  further  investigate
its  kinetic  advantages,  the b-value  was  calculated  by  analyzing  the
relationship between peak current and scan rates (Fig. 4(b) and Fig.
S22 in the ESM ). The VS4@Bi2S3-2 nanocomposite exhibits higher
b-values  than  bare  VS4 and  bare  Bi2S3 materials  in  primary  redox
processes,  indicating  that  its  electrochemical  process  is  more
dominated by surface capacitive behavior with fast reaction kinetics
[55], which is highly consistent with previous rate performance test
results.  Furthermore,  this  advantage  was  quantified  by  fitting  the
capacitive  contribution  (Fig.  4(c) and  Figs.  S23–S25  in  the  ESM).
The pseudocapacitive contribution of VS4@Bi2S3-2 at different scan
rates consistently exceeds that of  bare VS4 and bare Bi2S3.  Notably,
the  pseudocapacitive  contribution  of  the  VS4@Bi2S3-2  electrode
reached  as  high  as  94.64%  at  a  scan  rate  of  1  mV·s−1.  The  high
pseudocapacitive  contribution  indicates  the  presence  of  abundant
rapidly  accessible  redox  active  sites  within  VS4@Bi2S3-2.  This  is
attributed  to  the  moderate  sulfur  vacancy  concentration  in
VS4@Bi2S3-2  and  the  formation  of  a  strong  built-in  electric  field,
which  creates  and  exposes  numerous  highly  active  magnesium
storage  sites  through  interfacial  bonding,  as  previously  confirmed
by  EPR,  XPS,  and  DFT predictions.  Therefore,  the  high  discharge
capacity  and  outstanding  rate  performance  achieved  by  the
VS4@Bi2S3 nanocomposite  are  mainly  attributed  to  the  rapid
insertion/extraction  of  Mg2+ into  the  electrode  material  and  its
sufficient contact with the active sites.

DMg2+

DMg2+

Based  on  the  GITT  measurements  shown  in Fig.  4(d),  the
diffusion  coefficients  of  Mg2+ ( )  in  VS4,  Bi2S3,  and  VS4@Bi2S3

were  calculated  (Fig.  4(e)).  VS4@Bi2S3-2  exhibited  an  order  of
magnitude higher  and charge/discharge time during cycling
compared to the VS4 and Bi2S3 materials, consistent with the lower
diffusion  energy  barrier  observed  in  DFT  calculations  for  the
nanocomposite structure. The significantly enhanced Mg2+ diffusion

Nano Research | Vol. 19, No. 4 Zeng et al.

94908461 (7 of 13) Nano Research, 2026, 19, 94908461

https://www.sciopen.com/article/10.26599/NR.2026.94908461
https://www.sciopen.com/article/10.26599/NR.2026.94908461
https://www.sciopen.com/article/10.26599/NR.2026.94908461
https://www.sciopen.com/article/10.26599/NR.2026.94908461
https://www.sciopen.com/article/10.26599/NR.2026.94908461
https://www.sciopen.com/article/10.26599/NR.2026.94908461
https://www.sciopen.com/article/10.26599/NR.2026.94908461
https://www.sciopen.com/article/10.26599/NR.2026.94908461


coefficient directly confirms the positive regulation of ion transport
kinetics  through  heterojunction  interface  engineering  and  defect
engineering.  This  finding  aligns  with  its  exceptional  rate
performance,  fully  elucidating  the  origin  of  its  high  performance
from  the  perspective  of  ion  transport.  To  investigate  the  dynamic
evolution  process  at  the  electrode  interface, in-situ EIS
measurements  were  performed  on  VS4@Bi2S3-2  and  analyzed  the
impedance of different processes using the distribution of relaxation
times (DRT) (Figs. 4(f)–4(h) and Fig. S26 in the ESM). VS4@Bi2S3-2

exhibits lower overall impedance at the initial state compared to VS4

and Bi2S3 (Fig. 4(i) and Fig. S27 in the ESM), which is attributed to
its superior initial  conductivity provided by the heterointerface.  By
integrating DRT spectra, the evolution of the ohmic resistance (Rs),
interfacial sheet resistance (RSEI), and charge transfer resistance (Rct)
during  charge–discharge  cycles  were  quantitatively  tracked
(Fig.  4(j)).  Throughout  the  discharge-charge  process,  the Rs of
VS4@Bi2S3-2 remained at  a  very low level,  indicating stable contact
within  the  battery  structure  [55].  Furthermore,  it  is  observed  that

 

DMg2+

Figure 4    (a) CV curves of VS4@Bi2S3-2 at different scan rates. (b) lg(i) versus lg(V) plots of VS4@Bi2S3-2. (c) Histograms of pseudocapacitive contributions for VS4, Bi2S3,
and VS4@Bi2S3-2 at different scan rates. (d) and (e) GITT plots and corresponding lg( ) values for VS4, Bi2S3, and VS4@Bi2S3-2. (f) In-situ Nyquist plot of VS4@Bi2S3-2
during initial cycling. (g) and (h) DRT plots calculated from impedance measurements of VS4@Bi2S3-2 during the first cycle. (i) Nyquist plots for VS4, Bi2S3, and VS4@Bi2S3-
2. (j) Dependencies of RS, RSEI, and Rct on discharge/charge potential.

Zeng et al. Nano Research | Vol. 19, No. 4

Nano Research, 2026, 19, 94908461 94908461 (8 of 13)

https://www.sciopen.com/article/10.26599/NR.2026.94908461
https://www.sciopen.com/article/10.26599/NR.2026.94908461
https://www.sciopen.com/article/10.26599/NR.2026.94908461
https://www.sciopen.com/article/10.26599/NR.2026.94908461
https://www.sciopen.com/article/10.26599/NR.2026.94908461
https://www.sciopen.com/article/10.26599/NR.2026.94908461
https://www.sciopen.com/article/10.26599/NR.2026.94908461
https://www.sciopen.com/article/10.26599/NR.2026.94908461


the RSEI of VS4@Bi2S3-2 is lower at the initial discharge stage than at
the undischarged state (Fig.  4(g)).  Subsequently, Rs, RSEI,  and Rct all
gradually  decrease  during  discharge  process.  When  discharged  to
0.1 V, Rct (75.99 Ω) and RSEI (0.216 Ω) reach their minimum values.
These phenomena can be attributed to the initial  formation of the
SEI film during the early discharge stage. As discharge continues, a
denser  SEI  film  develops  at  the  material  interface,  optimizing
interfacial ion transport. Simultaneously, Mg2+ insertion elevates the
state  of  charge  of  the  material  and  improves  its  electronic
conductivity, jointly reducing both RSEI and Rct. During charging, the
Rct of  VS4@Bi2S3-2  rises  slowly,  increases  rapidly  after  0.8  V,  and
then  decreases  at  1.8  V  (Fig.  4(h)).  This  can  be  attributed  to  the
gradual desorption of Mg2+ from Bi2S3 and VS4. The reconstruction
process  of  the  VS4 phase  exhibits  a  higher  kinetic  energy  barrier,
increasing  charge  transfer  resistance.  At  full  charge,  surface
oxidation  reactions  on  the  electrode  approach  completion,
stabilizing  the  interface  and  thereby  lowering  the  charge  transfer
energy barrier [37]. These dynamic parameters collectively indicate
that the VS4@Bi2S3 heterojunction provides critical kinetic assurance
for  its  outstanding  electrochemical  performance  by  establishing  a
highly  active,  ionically  conductive,  and  stable  interface  during
cycling.

To  investigate  the  structural  evolution  of  the  VS4@Bi2S3

heterostructure cathode under different charge/discharge states, ex-

situ XRD  measurements  were  performed  during  the  first  cycle
within the 0.1–1.8 V. During discharge from open-circuit voltage to
0.1 V, the diffraction peak broaden, gradually weakens, and shifts to
smaller  angles  (Fig.  5(a)),  which  directly  confirms  that  Mg2+

successfully  intercalates  into  the  interstitial  or  interlayer  spaces  of
the  heterojunction,  inducing  overall  lattice  expansion.  During
charging from 0.1 to 1.8 V, characteristic diffraction peaks gradually
intensified  and  exhibited  peak  position  shift,  confirming  Mg2+

extraction  and  the  excellent  reversibility  of  the  host  crystal  lattice
structure. No distinct diffraction peaks for metallic V or Bi, nor for
MgS,  were  observed in  the  overall  XRD pattern  (Fig.  5(b)),  which
suggests  that  the  transformation  reaction  products  in  VS4@Bi2S3-2
likely  exist  in  a  nanoscale  or  even  amorphous  state,  rather  than
undergoing a conventional long-range ordered phase transition. In
its  previous  charge–discharge  curves,  a  voltage  plateau  first
appeared  due  to  Mg2+ intercalation  into  the  VS4 lattice  (Eq.  (1)),
followed by a voltage plateau caused by Mg2+ intercalation into the
Bi2S3 lattice (Eq. (2)). This indicates that during the initial discharge
phase,  Mg2+ preferentially  inserts  into  the  VS4 lattice  due  to  the
combined effects  of  the  built-in  electric  field  at  the  heterointerface
and  lattice  matching.  During  deep  discharge,  Mg2+ instead
preferentially insert into Bi2S3, effectively suppressing excessive Mg2+

embedding  in  VS4 and  thereby  preventing  more  irreversible
conversion reactions  (Eq.  (3)).  Furthermore,  the  discharge  process

 

Figure 5    (a) and (b) Ex-situ XRD patterns of the VS4@Bi2S3-2 heterostructure during the first cycle. Ex-situ XPS spectra of (c) Mg 1s, (d) and (e) V 2p, (f) and (g) Bi 4f
and S 2p. (h) HRTEM image of VS4@Bi2S3-2 during discharge to 0.1 V. (i) HRTEM image of VS4@Bi2S3-2 during charge to 1.8 V.
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between 0.2 and 0.1 V prevents excessive Mg2+ insertion into Bi2S3,
thereby  avoiding  additional  irreversible  conversion  reactions
(Eq.  (4))  [56, 57].  The  synergy  between  intercalation  and
nanoconfined  conversion  significantly  improves  the  cycling
stability, as evidenced by the long-term cycling tests.

VS4 +xMg2+ +2xe− → MgxVS4 (1)

Bi2S3 + yMg2++2ye− → MgyBi2S3 (2)

MgxVS4 +(4−x)Mg2+ +(8−2x)e− → V+4MgS (3)

MgyBi2S3 +(3− y)Mg2+ +(6−2y)e− → 2Bi+ 3MgS (4)

Furthermore,  quantitative  analysis  of  the  Mg  content  via
inductively  coupled  plasma-optical  emission  spectrometer  (ICP-
OES)  during  the  initial  charge–discharge  cycle  of  the  VS4@Bi2S3-2
electrode  (Fig.  S28  in  the  ESM)  further  substantiates  this  process.
Upon  discharging  to  0.1  V,  the  Mg  content  in  the  electrode
corresponds  to  a  calculated  specific  discharge  capacity  of
981.2  mAh·g−1.  This  value  aligns  with  the  reversible  capacity
(1044.2 mAh·g−1) estimated from the dQ/dV integration in Fig. S29
in the ESM, and is  notably lower than the total  discharge capacity
(1407.7  mAh·g−1).  This  result  quantitatively  distinguishes  the
capacity contributed by reversible Mg storage from that consumed
by irreversible  side  reactions.  After  charging,  approximately  67.6%
of  the  Mg  was  extracted.  This  finding  is  consistent  with  the
incomplete  recovery  of  the  VS4 characteristic  peak  position
observed  in ex-situ XRD  during  cycling  and  the  low  Coulombic
efficiency  observed  in  the  first  cycle. Figures  5(c)−5(g) present ex-
situ XPS  results,  dynamically  revealing  the  electronic  structure
evolution  of  the  VS4@Bi2S3 heterostructure  during  charging  and
discharging process. The detailed XPS spectra show that the Mg 1s
signal strengthens and shifts towards a lower binding energy during
discharge (Fig. 5(c)), directly confirming the successful insertion of
Mg2+. Notably, during charging, the Mg 1s peak signal weakens and
shifts  to  the  left  (indicating  increased  binding  energy)  before
recovering.  However,  a  Mg  1s  signal  persists  even  after  charging
completion,  which indicates  that  a  portion of  Mg2+ are  irreversibly
trapped  within  the  material  structure,  signifying  an  irreversible
phase transition.  This phenomenon reduces the ICE during GCD.
In the high-resolution V 2p spectrum, the V3+/V4+ peak shifts to the
right during discharge, while the intensity of the V3+ peak increases
(Fig.  5(d)).  In  turn,  the  V3+/V4+ peak  shifts  to  the  left  during
charging,  while  the  intensity  of  the  V3+ peak  weakens  (Fig.  5(e)).
This  directly  confirms  the  reversibility  of  the  reaction:  V  ions  are
reduced during discharge (V4+ → V3+) and oxidized during charging
(V3+ → V4+).  This phenomenon perfectly aligns with computational
results showing electron flow from Bi2S3 to VS4 [58]. As an electron
acceptor, the reduction of V is an inevitable consequence driven by
the built-in electric field. Additionally,  high-resolution XPS spectra
of Bi 4f and S 2p reveal that the binding energy of Bi 4f shifts to the
right and broadens during discharge (Fig. 5(f)), while both S2

2− 2p3/2

and S2
2− 2p1/2 split into two peaks. This indicates the transition of Bi3+

to  Bi0 and  the  dissociation  of  S-S  dimers.  During  charging,  the
binding energy of Bi 4f shifts to the left and recovers, while both S2

2−

2p3/2 and  S2
2− 2p1/2 return  to  single  peaks  (Fig.  5(g)).  Although  no

independent Bi0 signal was fitted from the Bi 4f spectrum in ex-situ
XPS,  we  observed  a  systematic  rightward  shift  in  binding  energy

and  broadening  of  the  peak  shape  during  discharge,  which
consistently indicates the reduction of Bi3+ during discharge [59, 60].
This  further  demonstrates  the  existence  of  a  conversion  reaction,
the  formation  of  nanoscale  or  amorphous  products,  and  the
excellent reversibility of both intercalation and conversion reactions
during magnesium storage.

To  visually  investigate  changes  occurring  during  Mg2+

insertion/extraction  from  the  material  lattice  during  charging  and
discharging, ex-situ TEM  measurement  was  conducted  (Figs.  5(h)
and 5(i)).  Observation  of  the  VS4@Bi2S3-2  sample  discharged  to
0.1  V  revealed  significantly  broadened  lattice  fringes  compared  to
the pristine sample. Notably, numerous nanoscale regions of lattice
disorder  emerged  within  the  originally  ordered  lattice  stripes,
indicating  that  conversion  reactions  occurred  during  discharge.
These reactions generated ultrafine metallic V and Bi intermingled
with the unreacted matrix, along with MgS [25]. After charging to
1.8 V, the lattice spacings of VS4 and Bi2S3 decreased, confirming the
reversible  intercalation/deintercalation  of  Mg2+.  However,  partially
irreversible  nanocrystalline  domains  remained  observable  in  TEM
images. This finding correlates with residual Mg signals in XPS and
sub-100% ICE in GCD, collectively demonstrating the presence of
minor  irreversible  conversion  reaction  products.  Furthermore, ex-
situ TEM  combined  with  EDS  line  scanning  was  performed  to
reveal the distribution of Mg within the VS4 and Bi2S3 phases (Fig.
S30 in the ESM). Upon discharging to 0.1 V, Mg was not uniformly
distributed,  and  it  was  found  to  preferentially  accumulate  at  the
heterointerfaces  and  within  the  spherical  VS4 regions.  A  dispersed
Mg  signal  was  also  detected  in  the  Bi2S3 nanorod  regions,  which
further confirms the successful  construction of the heterointerface.
Notably,  a  residual  Mg signal  was  still  detectable  after  charging  to
1.8 V, indicating that Mg2+ was not fully reversibly extracted during
the initial cycle. This observation aligns with and is corroborated by
the results obtained from ex-situ XPS and ICP-OES measurements.
The  SEM  images  after  the  cycle  further  elucidate  the
macrostructural  stability  mechanism  of  the  heterostructure  (Fig.
S31  in  the  ESM).  After 50  cycles  at  0.05  A·g−1,  the  epitaxial  Bi2S3

nanorods  collapsed  and  reorganized,  uniformly  forming  a  Bi2S3

particle  coating  layer  on  the  spherical  VS4 surface.  This
restructuring  not  only  preserved  the  system  integrity,  but  also
created  tighter  interfacial  contact.  After  2000  cycles  at  1  A·g−1,
although  the  structure  collapsed  inward,  the  VS4 still  retained  a
layer  of  Bi2S3 particles.  XPS  analysis  of  the  VS4@Bi2S3-2  electrode
after 2000 cycles (Fig. S32 in the ESM) reveals that the V 2p, Bi 4f,
and S 2p spectra are highly similar to those of the pristine, uncycled
state.  This  indicates  that  the  bulk  chemical  structure  of  the  active
material  is  largely  preserved  after  prolonged  cycling,  retaining  its
fundamental  ability  to  undergo  reversible  valence  state  changes.
From a chemical bonding perspective, this explains the origin of its
high  capacity  retention.  The  XRD pattern  of  the  long-term cycled
electrode  (Fig.  S33  in  the  ESM)  shows  that  the  characteristic
diffraction  peak  intensities  for  both  VS4 and  Bi2S3 are  significantly
weakened.  Furthermore,  relatively  weak  diffraction  peaks
corresponding to MgS and Bi2Mg3 emerge. This can be attributed to
a  surface  structural  reconstruction  and  a  confined  nanoscale
conversion  process  undergone  by  VS4@Bi2S3-2,  where  the
restructuring  of  the  Bi2S3 nanorod  architecture  leads  to  a  more
thorough  encapsulation  of  the  VS4 component.  This  fully
demonstrates  the  role  of  the  uniform  Bi2S3 layer  in  relieving
volumetric  stress  on  the  VS4 during  cycling,  thereby  significantly
enhancing  the  overall  structural  integrity  of  the  electrode.  This  is
one of the key reasons for its outstanding long-cycle stability.
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 3    Conclusions
This  study  successfully  demonstrates  an  effective  strategy  for
precisely  designing  high-performance  RMBs  cathode  materials
through  synergistic  coupling  of  defect  engineering  and
heterojunction  interface  engineering.  By  precisely  controlling  the
ratio  of  vanadium-bismuth  precursors,  the  VS4@Bi2S3

heterostructure  with  moderate  sulfur  vacancy  concentration  and
interface  coupling  was  synthesized  via  rapid  microwave-assisted
solvothermal  method.  A  moderate  amount  of  sulfur  vacancies
provides sufficient active sites while avoiding structural degradation
caused  by  high  defect  concentrations.  Meanwhile,  the  uniform
heterointerface  simultaneously  promotes  charge  transport  and
serves  as  a  mechanical  framework  that  buffers  volume  changes.
Theoretical  calculations  confirm  that  the  heterojunction  forms
Type-II  band alignment,  where the generated built-in electric  field
synergistically  interacts  with  interfacial  orbital  hybridization.  This
modification  significantly  improves  the  intrinsic  electronic
conductivity  of  the  material  and  concurrently  lowers  both  the
adsorption  energy  and  diffusion  energy  barrier  for  Mg2+.
Electrochemical  testing,  coupled  with  multiple in-situ/ex-situ
characterizations,  collectively  revealed  a  synergistic  mechanism  of
intercalation-nanoconfinement  transformation.  VS4 preferentially
undergoes  reversible  intercalation  reactions,  followed  by  a  highly
reversible  transformation  reaction  confined  to  the  nanoscale,
guided  by  the  heterojunction.  This  simultaneously  achieves  high
capacity  and  long  cycle  life.  Furthermore, in-situ EIS  and  post-
cycling micromorphology analysis revealed that the heterojunction
interface  dynamically  reconfigured  into  a  stable  protective  layer
during long-term cycling, effectively alleviating stress and serving as
the  key  to  its  outstanding  structural  stability.  Ultimately,  the
optimized  VS4@Bi2S3 electrode  exhibited  a  high  reversible  specific
capacity  of  389.42  mAh·g−1 after  50  cycles  at  0.05  A·g−1,  high  rate
performance,  and  maintaining  excellent  stability  even  after  2000
cycles at a high current density of 1 A·g−1. This work provides a new
method  for  rationally  designing  stable  electrode  structures  for
multivalent  ion  storage  systems  through  multi-engineering
synergistic  strategies.  Specifically,  it  embodies  a  path  for  rapidly
preparing  heterostructure  materials,  and  thereby  successfully
developed high-performance electrode materials.

 Electronic  Supplementary  Material: Supplementary  material
(material  characterization,  fabrication  of  RMBs  devices  and
electrochemical  measurements,  theoretical  calculation  methods,
Figs. S1–S33, and Table S1) is available in the online version of this
article at https://doi.org/10.26599/NR.2026.94908461.
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