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In Situ Electron Paramagnetic Resonance of Lithium-Ion Batteries
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Introduction
[image: ]Lithium ion batteries are the main focus of energy storage with wide applications in the fields of portable and stationary electronic devices. In situ characterization provides real-time insight into the mechanism of battery upon operation, such as metaphases, diffusion, kinetics, and inhomogeneity. Electron paramagnetic resonance (EPR) is highly sensitive to study the unpaired/delocalized electrons of batteries. However, to date, only two reports using in situ EPR to investigate the evolution of working batteries.1,2 Wandt et al. found that fluoroethylene carbonate (FEC) could effectively suppress dendrite growth using operando EPR.1 Meanwhile, a cylindrical in situ EPR cell was developed and the species with unpaired electron can be imaged.2 Lithium rich samples such as Li1.2Ni0.13Mn0.54Co0.13O2 (LNMCO) show additional capacity due to electron hole formation or O2 release, which is strongly dependent on the stability of the oxygen atom local environments. EPR is a powerful tool to determine the oxidation evolution during (dis)charge.
	
Experimental
	The synthesized LNMCO was mixed with polyvinylidene fluoride and carbon SP. The mixture was dispersed in NMP and manually grinded in an agate mortar. The mixture was put onto Ti mesh and dried at 120 °C for 4 hours under vacuum before assembly in Argon filled glove box. The LNMCO and Li metal electrodes were separated by one piece of porous glass microfiber (Fig.1a). The whole content of the battery was soaked in the LP30 electrolyte. The made bag cell was positioned in the center of EPR cavity (Fig.1b).  Electrochemical control was carried out using Gamry test system. CW-EPR spectra under kinetics mode were recorded while cycling the battery.

Results and DiscussionFig.1 (a) Schematic of the battery and in situ setup (b). (c) Pristine EPR spectrum and its simulation (d).

[image: ]Fig.1c shows the CW-EPR spectrum of the pristine LMNCO//Li battery with the corresponding deconvolution shown in Fig. 1d. The broad spectrum is attributed to Mn4+ and the sharp peak is from the Li metal. At the top of Fig.1d, one almost invisible sharp peak is from the additive carbon. The integrals of LNMCO and Li metal as a function of cycling time are shown in Fig.2.  At the beginning of the charge, both Co3+ and Ni2+ are oxidized to Co4+ and Ni4+, respectively. The unchanged Mn4+ was coupled with the presence of Co4+ and show reduced signal.3 Above 4.5 V, O2 or O hole is formed and therefore no further change was observed for the Mn4+ signal. However, Li electrode shows continuous increasing signal due to the newly formed moss/dendrite. Close to the end of charge, reduced Li signal is due to the densification of microstructure, preventing microwave penetration for EPR detection. Both Mn4+ and Li show reversible signals during discharge. 

Conclusions[bookmark: _GoBack]Fig.2 (a) Electrochemical profile of LMNCO//Li half as a function of specific capacity. (b) and (c) are the EPR integral evolution of Mn4+ and Li metal within LMNCO//Li half battery, respectively.

      In conclusion, EPR can successfully probe the oxidation of working battery and provide valuable information of a real-time functioning battery. The method could find wider applications.
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