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Abstract: Lithium-sulfur batteries (LSBs) are highly promising for energy storage applications
due to their high energy density, low cost, and environmental friendliness. However, the
shuttle effect of lithium polysulfides (LiPS) during cycling causes the loss of active materials
and corrosion of the lithium metal anode, severely limiting performance improvements.
Designing highly efficient catalysts that can strongly anchor LiPS and accelerate their redox
conversion has therefore emerged as a key strategy to address this challenge. Motivated by
this goal, this review systematically summarizes recent advances in crystal structure
engineering, electronic structure modulation, and in situ characterization techniques. For
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crystal structure regulation, strategies such as active-facet modulation, phase engineering,
and heterostructure construction are discussed. These approaches optimize the geometric
configuration and local coordination environment of active sites, enhancing the polar
adsorption of LiPS and reducing key energy barriers during the conversion process. In terms
of electronic structure modulation, this review emphasizes band and orbital engineering,
electronic state optimization, and spin-state regulation, with a particular focus on how
electronic distribution, orbital coupling, and charge-carrier transport collectively influence
interfacial reaction kinetics. Furthermore, various in situ techniques, including in situ XAS,
XRD, Raman spectroscopy, TEM, and ATR-FTIR, are summarized for their critical roles in
monitoring sulfur-species evolution and elucidating interfacial reaction mechanisms under
realistic operating conditions. Overall, the synergistic optimization of crystal and electronic
structures is essential for efficient LiPS adsorption and conversion, while advances in in situ
characterization provide mechanistic insights and valuable guidance for the rational design of

high-performance LSBs.

Keywords: lithium-sulfur batteries; catalysts; crystal structural regulation; electronic structure
modulation; in situ characterization
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Table 1 Performance comparison of various heterostructure catalysts in Li-S batteries
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Fig. 2 Heterostructure construction: (a) Schematic diagram of band structures before and after contact

127].
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(b) Schematic diagram of the NCFI@T150 interlayer?” (c) Differential charge density and built-in interfacial E-
field formed in the Janus V,0,/VN heterostructure®; (d) lllustration of using the active Lewis acid-base site
pairs to adsorb LiPS at the Co-ZrO, ND heterojunctions'®”
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Fig. 5 (a) Processes in X-ray absorption spectroscopy®; (b) Schematic of XAS including the pre-edge, XANES,
and EXAFS regions®; (c) Operando k’-weighted FT-EXAFS spectra of Co-SAs/NC discharged and recharged to
different electrochemical states in a Li-S battery®; (d) Evolution of the local coordination and oxidation states
of the Fe atoms in 1Fe-N/C, 2Fe-N/C, and 3Fe-N/C based on XANES spectra®™
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Fig. 6 (a) Geometric derivation of Bragg’ s law"""; (b) Operando XRD measurements of a Li-S cell using SiO,
as electrolyte additive?; (c) In-situ XRD pattern of the first cycle charge and discharge curve of Li-S battery
with VS, added"*; (d) v, represents the vibrational ground state, v, and v, represent vibrational excited states. If
the final state is higher or lower than the initial state, the emitted photon will shift to a lower or higher
frequency, which is called Stokes Raman scattering or antiStokes Raman scattering"*’; (e) Schematic diagram
of cathode-side in-situ Raman'’”; (f) Raman spectra at different charge/discharge times, with the Li-S battery
GCD profile™; (g) Schematic diagram of in-situ Raman detection on the anode side!"™
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Fig. 7 (a) Basic principle of Transmission Electron Microscopy™?”; (b) In situ liquid TEM observation of C/TiO,-
TiN/S™; (c) Configuration of liquid-cell EC-TEM™?; (d) Schematic representation of liquid STEM and TEM
imaging of gold nanoparticles located on the beam exit membrane window of a microfluidic cell™;

(e) Schematic diagram of evanescent infrared light waves¥; (f) Schematic representation of the in operando
ATR-FTIR spectroelectrochemical cell"
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