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The vast potential and fast development of implementing lithium-based batteries as an alternative 

power source to replace the existing low efficiency and environmental-hazardous materials have 

urged an ever expediting pace for investigation of the corresponding characterization methods, in 

particular to observe lithium ions at atomic scale. Here we demonstrate a feasible annular-bright-

field (ABF) imaging method based on aberration-corrected scanning transmission electron 

microscopy to observe lithium ions directly at atomic resolution.  

 

Figure 1 shows a schematic of the ABF imaging conditions working with a convergent beam and an 

annular-shaped bright-field detector. A fine probe with a spot size less than 1 angstrom scans across 

the specimen, and the annular detector defines a collection semi-angle at given camera lengths. 

Figures 1(b) and (c) present HAADF and ABF electron micrographs for the atomic structure of the 

obtained LiFePO4 nanowire viewed along [010] orientation. Because of the relatively large 

collection semiangle above 70 mrad, the contrast, e.g. O and Li, can not be revealed by the HAADF 

image which represents only the atomic positions of Fe and P as shown in Figure 1(b). The situation 

can be much different in the ABF collection geometry at lower collection angles, where not only Fe 

and P are revealed from the micrograph in Figure 1(c), but also the atomic positions of O and Li, 

noted by the red and purple labels, respectively. This is because the ABF contrast tends to minimize 

the variance of the atomic number by following a Z
1/3

 dependency. 

 

Figure 2 shows interfacial structure in chemically lithiated Li4Ti5O12 sample with about 0.15 mol Li 

insertion per formula unit along the [110] direction. a) ABF image near the interface between 

Li4Ti5O12 phase (region 1) and Li7Ti5O12 phase (region 2). The yellow line indicates the boundary of 

the interface. b) ABF line profile of region 1. c) ABF line profile of region 2. d) Colored ABF image 

of the two phases near the interface, where the 8a sites occupied in Li4Ti5O12 and the 16c sites 

occupied in Li7Ti5O12 are marked as yellow and black dots, respectively. e) The relaxed interfacial 

structure simulated by DFT calculations, where the Li 16d -O octahedrons are shown in green. The 

remarkable shifts of Li
+
 ions at the 16c sites in the Li7Ti5O12 region are indicated by black arrows. 

 

In this presentation, detailed structural analyses of “staging” in LiFePO4, interfacial structure of 

Li4Ti5O12 and Li7Ti5O12, and extending the ABF method for resolving oxygen vacancies in 

perovskite materials are discussed.   
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Fig. 1. A schematic ABF setup in (a) with HAADF and ABF micrographs in (b) and (c), 

respectively, for olivine structured LiFePO4. 

 

 
Fig. 2. Atomically-resolved Li4Ti5O12 and Li7Ti5O12 interface with relaxed interfacial structure 

simulated by DFT calculations 

 

 


