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Solid-State NMR Studies of Composite Electrolytes: Li7La3Zr2O12-PEO (LiClO4)
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Introduction
[image: Annel%20report%201.jpg]      To overcome safety issues caused by traditional liquid electrolytes, non-flammable solid-state electrolytes are emerging as a promising solution for developing high-performance rechargeable batteries. Cubic-phase Li7La3Zr2O12 (LLZO) exhibites high ionic conductivity with superior stability, however, it’s too rigid and brittle, showing poor contact with electrodes. In this respect, PEO has high flexibility. The combination of ceramics and polymers offers a new path to create better electrolytes with both high ionic conductivity and good mechanical properties. It was suggested that in composite electrolytes an amorphous interface was formed between ceramics and polymers. High-resolution solid-state Li NMR was used to characterize Li ions in three different chemical environments of LLZO-PEO (LiClO4). Combined with selective isotope labelling, Li ion pathways were tracked within this composite electrolyte. It was proven that Li ions favor the pathway through LLZO ceramic phase instead of interface or PEO.
Experimental
[image: ]      6Li and 7Li NMR spectra were acquired on a Bruker Avance III-500 spectrometer at Larmor frequencies of 73.6 and 194.4 MHz, respectively. A 2.5 mm Bruker HXY probe was used and the samples were spun at 25 kHz for direct polarization (DP), 10 kHz for cross polarization (CP) and 18 kHz for 2D EXSY. Both 6Li and 7Li chemical shifts were referenced to solid LiCl at 0 ppm.Fig.1 6Li MAS DP and CP NMR.

[bookmark: _GoBack]      The LLZO-PEO (LiClO4) composite film was assembled into a symmetric battery cell by pressing 6Li foils on both sides of the composite electrolyte. The symmetric cell was cycled using a constant current that changed signs every 5 minutes on a LANHE battery testing system. 
Results and DiscussionFig.2 7Li 2D EXSY NMR and cross section.

[bookmark: OLE_LINK3][bookmark: OLE_LINK4][image: Annel%20report%203.jpg]      Possible Li local environments within LLZO-PEO (LiClO4) was characterized by high-resolution 6Li NMR (Fig.1). A single 6Li resonance at -0.2 ppm was observed for LiClO4 within PEO matrix and at 2 ppm for Li in cubic-LLZO.  In addition to the two main peaks, a third component at around 1.4 ppm was assigned to Li at the PEO and LLZO interface. 1H-6Li CP confirmed this assignment of interfacial Li. Compared with DP, LiClO4 in PEO signal is preferentially enhanced due to a shorter average LiClO4-PEO distance, Li in LLZO is underrepresented due to a longer LLZO-PEO distance, and interfacial 6Li resonance stays almost the same. In 7Li 2D-EXSY spectra (Fig.2) for LLZO-PEO (LiClO4), the two circle regions located on the diagonal are peaks from LLZO and LiClO4 in PEO, respectively, and the region between them is from interfacial Li. These 1D cross-section spectra taken from the 2D EXSY revealed spin exchange between LiClO4 in PEO and interfacial Li.  Fig. 3 6Li comparison of pristine and cycled composite electrolytes.


      The 6Li spectra (Fig.3) of the cycled composite electrolytes showed significantly increased integral for LLZO peak (by 39%), only a slight increase (6%) for the interfacial Li, and no change for LiClO4 compared with the pristine LLZO-PEO (LiClO4). This indicated that Li ions prefer to go through LLZO particles and minimize the fraction of polymer phase or interface on their pathway when possible. 
Conclusions
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]      Various Li local structural environments within LLZO-PEO (LiClO4) composite electrolytes have been resolved by 1D high-resolution 6Li NMR. 1H-6Li CP and 7Li 2D EXSY NMR confirming the assignment of an NMR resonance for interfacial Li. The replacement of 7Li by 6Li ions in LLZO ceramic phase of LLZO-PEO (LiClO4) composite electrolytes indicates that Li ions prefer to maximize the fraction of LLZO ceramic phase and minimize that of the interface or PEO polymer phase on their diffusion pathway. The results from this study have been published in Angewandte Chemie and marked as a “Hot Paper”.[1]
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