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Fig. 1. Illustration of the interfaces, interface issues, and solving strategies in SSLIB.
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Fig. 3. (a) Crystal structure of cubic Li;LagZr,O;5(c-LLZO)?"; (b) Ols spectra of LLZO micro particles exposed to air for different

times.
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Fig. 4. (a) Peak deconvolution of Zr 3d spectra of fresh and discharged Li;LagZr,O;, (LLZO)PY; (b) Ti 2p XPS spectra of the
Li; 3Aly 5Ti; 7(PO,)5 (LATP)-pristine, chem-LATP(chemical failure), and EC-LATP (electrochemical failure) surfacel®); XPS depth
profiles of (c) Co 2p spectra, (d) Li 1s and Co 3p spectra of LLZO thin film on LiCoO, at different depth!*!l.
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Fig. 9. (a) Ti 2p, La 3d, O 1s detail spectra and Ti 2p waterfall plot for different Li metal deposition times on LLTO surfacel™};
(b) S 2p, Ge 3d, and P 2p-Ge 3p detail spectra during 31 nm Li metal deposition on Li;jGePyS;, surfacel®; (c) scheme of
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spectra of LiPON surface during Li metal deposition[™.
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e BT A R A Al i AE LiCoO, AR b L S35
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Fig. 10. (a) Scheme of the configuration of the anode surface of electrochemical cell for in situ XPS; (b) in situ XPS spectra of O 1s,

Li 1s, La 4d, and Zr 3d at the Li/Ga-doped LLZO interphase as a function of potentiall™; (c) scheme of the measurement setup for

in situ XPS; (d) S 2p spectra of composite cathode during electrochemical polarization®.
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Fig. 11. (a) Co 2p, O 1s, P 2p and valence band spectra of LiCoO, surface during the deposition of LiPON; (b) evolution of the core
level binding energies of the LiCoO, substrate and the P 2p binding energy of the covering LiPON layer as a function of deposition

time; (c) evolution of the binding energies during the stepwise evaporation of lithium on top of LiPON; (d) energy band diagram of

Li/LiPON/LiCoO, SSLIB!!Z.
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Fig. 12. (a) An operando XPS cell design for all-solid-state batteries®; (b) cyclic voltammetry measurements of the work elec-

trodes of the operando XPS cell and a standard test cell®); (c) evolution of S 2p, P 2p, and Co 3p-Li 1s-Fe 3p core level spectra re-

corded during the operando XPS measurements®3,
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Fig. 13. (a) Schematic of operando XPS measurements via virtual electrode cycling and the evolution of Li 1s spectra on LiyS-PySs

surface during the cycling process®); (b) evolution of XPS spectra showing peak deconvolution during operando XPS

measurements®,
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Fig. 14. (a) Binding energy shifts of each SEI phase composition during charging process®; (b) overpotential of each SEI phase

composition during charging process and scheme of SEI structure after charging based on the overpotentiall®.
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Abstract

Solid-state lithium-ion batteries have attracted much attention due to their high safety, high energy
densities and other advantages. However, solid-state lithium-ion batteries cannot realize large-scale commercial
use. There are key scientific and technical issues that have not been resolved, especially interface issues, such as
high resistance and instability of the interface. The X-ray photoelectron spectroscopy (XPS), as an important
surface analysis method, can perform qualitative and semi-quantitative chemical analysis of the interface, which
makes XPS can be widely used to study the solid-state lithium-ion battery interfaces. In this paper, we review
the recent research progress of solid-state lithium-ion battery interfaces by using XPS, and summarize and
review the XPS experimental principle, experimental method, experimental results and their effects on interface
performance. The XPS analysis methods for solid-state lithium-ion batteries include ez-situ XPS, in-situ XPS
reflecting the real-time changes of the battery interface, and operando XPS based on the actual working
conditions of the battery.

The ez-situ XPS can study oxide solid electrolyte interfaces, sulfide solid electrolyte interfaces and artificial
solid electrolyte interface (SEI) layers to access information about the chemical composition of the interface,
predict the performance of the interface, obtain the chemical distribution in space, and evaluate the chemical
structure and irregularity of the interface. With ultraviolet photoemission spectroscopy (UPS) the interface
work function, energy band bending and energy structure of the full battery can be obtained. In-situ XPS can
effectively study the process of chemical reactions between the electrolyte and the electrode. The key
prerequisite is the controllable in-situ construction of the electrolyte/electrode interface. In-situ XPS research
can directly study the electrochemical changes of the interface. In-situ XPS/UPS can study the energy level
alignment of solid-state lithium-ion batteries, indicating that a space charge layer is formed at the solid
electrolyte interface, and the energy band bending occurs. The degree of energy band bending is reflected in the
binding energy shifts of the related elements at the interface. The change of the energy structure in the

deposition process can be determined by the binding energy shifts of the related elements at the interface and
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the change of the interface work function. Operando XPS performs XPS characterization at the same time
under the working condition of the battery. Operando XPS can be combined with electrochemical
characterization to observe the effects of interface reaction and solid electrolyte decomposition products on
electrochemical performance, thereby determining the main components that affect electrochemical performance.
It can also be combined with the ez-situ XPS to study the interface reaction mechanism and influencing factors.
The information obtained includes the chemical states of elements after the interface reaction has occurred, the
evolution of interface elements in the process of real-time interface reaction, the energy structure change and
interface component overpotential, thus having a better understanding of interface composition, interfacial
structure change, kinetics of interface reaction, and interfacial ion migration of the solid-state lithium ion

batteries.

Keywords: solid-state lithium-ion battery (SSLIB), X-ray photoelectron spectroscopy (XPS), solid electrolyte
interface
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