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Solid-state electrolytes are considered as a critical component in future-generation lithium battery systems,
which includes their use as the primary electrolytes in all-solid-state batteries, and the interfacial separation
layer for Li-air or aqueous batteries. Unfortunately, the ionic conductivity of many solid electrolytes is much
lower than that of their liquid counterparts, largely due to slow transport kinetics across the interfaces
associated with solid electrolytes, e.g., grain boundaries and interfaces formed with electrodes. Furthermore,
the ion conduction behavior in solid electrolytes in the presence of other mobile ions during operation, such
as protons in the Li-air or aqueous batteries, is not understood.
Ion transport in solids is primary determined by the concentration and distribution of mobile ions, the
connection of ion hopping channels, and the activation energy required for ions to hop. Lattice, chemistry,
and ion diffusion must be correlatively studied. While lattice and chemistry can be elucidated by highresolution imaging and electron energy loss spectroscopy (EELS) in a scanning transmission electron
microscope (STEM), the diffusion behavior of ions cannot be determined in a straightforward manner. On the
other hand, neutron scattering (NS) is capable of providing information about ion diffusion, but is limited to
averaged "bulk" diffusion behavior, and thus, probing the ion behavior of local features such as interfaces is
challenging. Due to the recent development of high energy resolution monochromation, vibrational
spectroscopy in STEM is now possible, creating new opportunities to study ion diffusion at features that are
spatially confined, such as boundaries and interfaces [5, 6]. By combining the complementary
characterization methods of STEM and NS, ion diffusion behavior at local features and within the bulk
material can be probed and correlated.
In this work, a protonated ceramic solid electrolyte, (Li6.25Al0.25)La3Zr2O12 (LLZO) was used to demonstrate the
power of combining imaging and vibrational spectroscopy in STEM, and inelastic and elastic scattering in NS,
to elucidate dual ion diffusion, i.e., Li+ and H+ ions, in the LLZO lattice and at its grain boundaries. The
combination of STEM imaging and NS revealed the concentration of H+ ions in the lattice as well as the
specific lattice sites they occupy. A slight structural distortion was observed as a result of ion replacement of
Li+ with H+. Quasi-elastic scattering revealed two distinct diffusion behaviors in protonated LLZO, allowing for
differentiation of the contributions from H+ and Li+. Vibration spectroscopy in STEM clearly revealed the
vibration mode of H+ at ~150meV. The vibration peak of H + was found to change with concentration and the
site occupancy of H+ ions in LLZO. Furthermore, it was observed that the presence of H + in LLZO induced a
slower lithium diffusion, in contrast to that observed in anti-perovskite lithium ion conductors, where the
presence of H+ assisted Li+ ion conduction. The vibration spectra of LLZO grain boundaries will be discussed
and compared to that from the LLZO bulk.
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