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Abstract: In addition to their extensive commercial application in
electronic devices such as cell phones and laptops, lithium-ion batteries
(LIBs) are most suitable to fulfill the energy storage requirements of
electric vehicles because of their recognized safety, portability, and high
energy density. Cathodes are the most important part of LIBs, and
various cathode materials have been widely investigated over the past
decades. Polaron formation has been attracting increasing attention in
the research of cathode materials, as it limits electron conduction. In
particular, polarons are responsible for low electronic conductivity in
cathode materials like olivine phosphate. Polaron is a typical crystal
defect caused by the integrated motion of lattice distortion and its trapping electrons. Research on the mechanism of
polaron formation will provide theoretical guidance for the design of high-electronic-conductivity cathode materials and
improvement of the electrochemical performance of LIBs. Theoretical calculation is a direct and important method to study
polaron formation in a specific crystal material, because the presence of polarons and their formation mechanisms can be
effectively verified through this method. In this article, we first introduce the basic physical concept of polarons and their
dynamical model according to the Marcus and Emin-Holstein-Austin-Mott theories. A comparison of the general properties
of large and small polarons, summarized in this chapter, reveals that small polaron formation more likely occurs in cathode
materials. Moreover, the theoretical characterization, electrical impact, control and challenges of polarons are reviewed.
Although a universal necessary and suitable condition for the theoretical characterization of polarons has not yet been
found, we still propose three criteria that are proven to be feasible and practical for the theoretical identification of polarons
when applied in combination. Experimental characterizations are also introduced briefly for reference, because the
comparison with the experiment is suggested to be necessary and mandatory. The electrical impact caused by polarons
results in low electronic conductivity, which has been broadly reported in layered, olivine, and spinel cathode materials.
Doping can weaken the influence of polarons and, thus, significantly enhance the electronic conductivity, thereby becoming
the most prevalent strategy for tuning polarons. Although theoretical calculations have been widely and effectively
conducted in the study of polarons, some challenges may still be faced because of the intrinsic shortcomings of the
traditional density functional theory, which need to be addressed. Finally, further research on polarons from the perspective
of basic theory and practical applications is prospected.
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Fig.1 (a) Layered cathode materials represented by LiCo0O2; (b) Olivine cathode materials represented by LiFePOu4;

(c) Spinel cathode materials represented by LiMn204.
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Fig.2 Schematic diagram of small polaron (left) and large polaron (right) 2.

Adapted with permission from Ref. 24, Copyright 2017 American Physical Society publisher.
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Fig.3 Schematic diagram of polaron e transfer 5.
Adapted with permission from Ref. 25, Copyright 2007

American Physical Society publisher.
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Table 1 A comparison of general properties of large

polaron and small polaron 26,

Large polaron Small polaron

Distortion >> Lattice parameter Distortion =~ Lattice parameter
Shallow state In-gap state
(~10 meV below CBM) (Between VBM and CBM)
Carrier mobility >> 1 (em>V~"'s™!)  Carrier mobility << 1 (cm>V~!s7!)
Decreasing mobility with increasing Increasing mobility with increasing

temperature temperature
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Adapted from Springer publisher.
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Fig. 4 Theoretical observation of polaron in Li2FeSiO4 using DOS 15,

Adapted with permission from Ref. 15, Copyright 2018 American Chemistry Society publisher.
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Fig.5 Schematic diagram of polaron’s impact on
conductivity according to band theory 28,

Adapted with permission from Ref. 28 Copyright 2019 Oxford publisher.
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Fig. 8 Schematic diagram of local distortion induced by polaron '5.

Adapted with permission from Ref. 15, Copyright 2018 American Chemistry Society publisher.
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Adapted with permission from Ref. 31, Copyright 2020 John Wiley and Sons publisher.
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Fig. 11 Polaron state observed by Laser-combined STM 3,
Adapted with permission from Ref. 35, Copyright 2020

American Physical Society publisher.
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Adapted with permission from Ref. 19, Copyright 2020 Royal

Society of Chemistry publisher.
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Fig. 13 A comparison of the energy barriers along a and
¢ directions in LiFePQ4 41,

Adapted with permission from Ref. 41, Copyright 2004 American

Physical Society publisher.
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Table2 Commonly used U values of transition metals in

cathode materials of LIBs 7.

Element UleV
Co 34
Ni 6.0
Mn 39

\Y% 3.1
Cr 3.5
Cu 4.0
Fe 4.0

Adapted from American Physical Society publisher.
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Fig. 16 The binding energy calculated by HSE and
DFT+U compared with experimental XPS data 5.
Adapted with permission from Ref. 54, Copyright 2012 American

Physical Society publisher.
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