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In-Situ Monitoring of Structural and Phase Evolution During the Synthesis of Li7La3Zr2O12 with Ultrahigh-Temperature 7Li MAS NMR

Chien, P.-H.; Tang, M.; Feng, X.Y. (FSU, Chemistry & Biochemistry) and Hu, Y.-Y. (FSU, Chemistry & Biochemistry, NHMFL)

Introduction
	Solid-state electrolytes (SSEs) hold the promise to realize All Solid-State Lithium Batteries (ASSLIBs).1 Since the first report in 2007,2 Li7La3Zr2O12 (LLZO) has been conceived as a promising SSE for the development of ASSLIBs because of its high ionic conductivity (σ0 = 0.3 mS/cm) as well as good chemical stability. However, the difficulty in synthesizing pure cubic-LLZO, which is the desirable phase with σ0 103 higher than tetragonal-LLZO, has been the issue that slows down the research progress. Therefore, an in-situ probe on how LLZO structurally evolved during synthesis is highly desirable. In this report, in-situ studies of LLZO by ultrahigh-temperature and high-resolution solid-state 7Li NMR were carried out for the first time and a clear evolution of multiple lithium containing phases during synthesis was obtained.
Experimental
[image: ]	LLZO precursor was prepared by the sol-gel method. Stoichiometric amounts of LiOH, La(NO3)3•6H2O, zirconium (IV) butoxide, Al(NO3)3•9H2O, and citric acid were dissolved in a HNO3/H2O solution. A gel was formed at 80oC by slow evaporation of the solution. LLZO precursor was then obtained by heating the gel at 500 oC for 5 hours. 7Li variable ultrahigh-temperature and high-resolution 7Li (ω0 = 194.4 MHz) MAS NMR was carried out with a rotor-synchronized spin-echo pulse sequence at a MAS speed of 5 kHz, using a Bruker 7-mm laser-absorption MAS probe (LASMAS) on a Bruker Avance III-500 spectrometer. A wide range of recycle delays from 200s to 1s was used depending on the 7Li T1 relaxation times in different phases at operating temperatures. Temperature was calibrated based on the temperature dependence of 79Br chemical shift of KBr. 7Li chemical shift was referenced to LiCl(s) at 0 ppm.
Results and Discussion
	Results of phase evolution extracted from variable-temperature 7Li spectra are shown in Figure 1. 7Li spectra show a gradual change. Initially, it started with a mixture of LiOH (~ 0 ppm) and tetragonal-LLZO (~ 1.2 ppm). An appreciable amount of tetragonal-LLZO formed due to the heat treatment at 500 oC. As the temperature was ramped up, LiOH was consumed with the increase in the amount of tetragonal-LLZO. Li2ZrO3 (~ 0.2 ppm) is seen after 200 oC and accounts for about 20% of the prepared sample. Unfortunately, the cubic-LLZO, which is the target phase of interest, is undetected during the entire process and it might be due to: a) the temperature of experiments was held at 740 oC, which is not high enough to obtain cubic-LLZO; b) the amount of Al source was not enough to stabilize cubic-LLZO. During the cooling process (spectra not shown), the percentage of both phases stays nearly unchanged, indicating this is a non-reversible reaction. These results demonstrate that the ultrahigh-temperature laser-absorption MAS probe (LASMAS) is capable of investigating phase evolution as a function of both time and temperature.
Conclusions
	Phase evolution during LLZO synthesis with varying temperatures have been investigated using LASMAS probe for the first time. 7Li spectra indicated that tetragonal-LLZO rapidly forms at the expense of LiOH after 250 oC. [bookmark: _GoBack]Fig.1 In situ 7Li spectra and phase fraction as a function of temperatures and dwelling time.
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