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Renewable energy sources such as wind and solar energy, despite their abundance and
availability, are variable and uncontrolled [1]. A continuous supply of clean energy
therefore requires a significant expansion in energy storage and conversion technologies.
Solid electrolytes enable technologies that can both convert (fuel cells) and store
(batteries) electrical energy. The ability of a solid electrolyte to conduct ions will depend
largely on microstructural defects in the material. Line and planar defects can scatter ions
or build up a space-charge layer to affect ionic conductivity. More fundamentally, the
diffusion of ions will be closely correlated to point-defect diffusion. Our aim is to
conduct dynamic in-situ experiments to study the role of defects in a solid electrolyte by
direct observation of atomic motion at and along defects using aberration-corrected
HREM. Since conductivity (o) is proportional to jump frequency (I'), experiments that
directly observe jump frequency will provide fundamental insight into charge-transport
processes in these materials.

In order to directly observe diffusion, 1) the atomic jump frequency must be sufficiently
low, and 2) there must be a discernible contrast change in the high-resolution image when
atoms move between adjacent atomic columns. The jump frequency (for vacancy
mechanisms) is given by:

-E
Oox<I'=vzX_exp .
' kT

where v is an attempt frequency, zX, is a concentration of vacant nearest-neighbor sites,
and E, is an activation energy. Jump frequencies are typically 10° s at liquid-nitrogen
temperatures to 10" s at room temperature for Na B-alumina [2]). It is well known [3-5]
that the sodium ion content in Na [-alumina can be replaced with divalent cations such as
Ca**, Sr**, Ba*", zn*", Cd*', and Pb*, yielding higher activation energies and lower
diffusion rates (Fig. 1). If only a partial ion exchange is performed, the larger atomic
specie will provide a contrast difference in high-resolution images, which will allow the
in-situ observation of cation diffusion in these solid electrolytes. The application of
HRTEM and HR-STEM (Fig. 2) will be discussed, as well as complications that arise
from radiation damage [6]. We are particularly interested in the possibility of correlated
motion among the Pb”" ions in their “liquid” sheets within the conduction planes [7,8].
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FIG. 1. Plot of the jump frequency, T, as a function of temperature for Pb*" in p”-
alumina. An attempt frequency, v, of 10" s™" and an activation energy of 0.3 eV [1] have
been used. A jump frequency of ~1 s is achieved at ~110-115 K. At liquid nitrogen
temperatures, the jump frequency is 107 s™.
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FIG. 2. (a) HRTEM, (b) bright-field HR-STEM, and (c) HAADF HR-STEM multislice
image simulations for the [ 1010 ] zone axis of B”-alumina using an aberration-corrected
microscope operating at 200 keV. The conduction planes in the structure are indicated in
(a), where yellow circles show the positions of Na' ions and green circles show columns
in which a single Pb>" ion has been substituted at ~65A through the thickness of %120 A.
The Pb*>" ions are evident in the HAADF HR-STEM image.
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