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Li Distribution and Deficiency in Li10GeP2S12 upon Electrochemical Cycling Probed by 7Li Magnetic Resonance Imaging
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Introduction 

Solid electrolytes open up the possibility to achieve high energy density and improved safety. However, high ionic conductivity rooted in solid electrolytes doesn’t guarantee the successful operation due to high electrolyte-electrode interfacial resistance.1 Li deficiency as well as distributed heterogeneity within solid electrolytes have been considered the contributing factors that lead to performance failure of batteries. Yet fundamental studies correlating Li distribution with battery performance in solid-state batteries remain challenging owing to the technical limitations associated with the nature of lithium. In this work, we employ three-dimensional 7Li Magnetic Resonance Imaging (MRI) to map Li distribution in Li10GeP2S12 (LGPS) within a symmetric Li/LGPS/Li battery. 7Li MRI results show that significant Li loss (Li depletion) occurs at the interfaces between metallic Li electrodes and LGPS electrolyte. This study demonstrates the powerful capability of 7Li MRI for non-destructively probing the Li distributions at interfaces and within the bulk of electrolytes.

Experimental 

7Li (ω0 = 394.7 MHz) MRI experiments were performed in a home-built 21.1 T ultra-wide bore magnet at the National High Magnetic Field Laboratory. Micro 5 gradients capable of generating a gradient strength of 300 G/cm in three orthogonal directions (Bruker BioSpin, Billerca MA) were used. Pristine and electrochemically cycled symmetric battery cells were placed in the center of the R.F. coil. A 12.5 μs, 90( block pulse was used for all imaging acquisitions. All pellets were imaged with a 3D FLASH sequence with a minimum echo time of 0.74 ms and with a recycle delay of 1 s. Spectral width was 250 kHz and a 120 μm isotropic resolution were acquired with a FOV of 9 x 9 x 10.5 mm (Matrix = 75 x 75 x87). 39 averages were used resulting in a 70-hour scan time. Region-of-interests (ROIs) and histograms were extracted from the 3D 7Li MRI images by using ImageJ. 
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Results and Discussion


Li distributions probed by 7Li MRI are shown in Fig. 1. Top, middle, and bottom cross-sections of pristine and cycled LGPS are extracted from 3D MRI. Homogeneous distribution of Li is observed in pristine LGPS as indicated by the well-spread green color (Fig. 1a, 1b, and 1c). Middle layer tends to have stronger Li intensity (yellow) possibly, a bias resulted from imperfect pellet making process. On one hand, the cross-sections of cycled LGPS (Fig. 1d, 1e) reveal a severe hetero-geneity of Li distribution as reflected by the inhomogeneous colors. Meanwhile, cracks are seen, suggesting volume change during battery cycling. Note that Li was mostly depleted at the interfaces, which may impede Li conduction and thus cause high interfacial resistance for charge and mass transfer. Quantitative analyses on the cycled LGPS shown in Fig. 2 clearly reveal that Li concentration in the top and bottom layers (index #1 and #9) decreased as the center of gravity was lower than that in other layers (index #2 to #8). The heterogeneity of Li distribution in each layer is manifested by the wide span of Li concentration. Although Li concentration within bulk LGPS wasn’t heavily affected upon electrochemical cycling, the homogeneity of Li distribution was compromised, manifested as the broadened linewidth of the histogram profile. 

Conclusions

Li distribution in the solid electrolyte LGPS within a Li/LGPS/Li battery upon electrochemical cycling have been probed by 7Li MRI. Li deficiency at the Li-LGPS interfaces and heterogeneous distribution of Li within bulk LGPS are considered to contribute to the failure of battery performance.2
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Fig. 1. 2D cross-sections of pristine and cycled LGPS.   �


Fig. 2. Histograms of normalized Li concentra-tion at different depths of a cycled LGPS pellet.
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