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All-solid-state batteries (ASBs) are considered to replace conventional lithium-ion batteries as the next 

generation of energy storage, offering higher energy density, longer cycle life and better safety1. 

One of the limiting factors prolonging the breakthrough of ASBs is the solid electrode–solid electrolyte 

interphase impedance2. Layered oxides like LiNi0.5Co0.2Mn0.3O2 (NCM 523) are known to suffer from 

capacity fade during cycling due to the formation of spinel- or rocksalt-like phases at the particles’ 

surface3. Moreover, it has been shown for Li1.2Ni0.2Mn0.6O2 that such surface modifications may also occur 

during cathode synthesis4. 
This study examines electrode-electrolyte composite samples consisting of NCM 662 and Al-doped cubic 

Li6.25Al0.25La3Zr2O12 (LLZO) in respect of the influence of the sintering temperature on the formation of 

surface modification layers using multiple transmission electron microscopy techniques. 
For this purpose, LLZO and NCM composites sintered at 500°C and 600°C, as well as a sample that is 

only isostatically pressed but not sintered, are prepared using a focused ion beam approach. As the LLZO 

and NCM secondary particles are loosely attached, a more elaborate preparation procedure is undertaken 

in order to prevent the lamella from breaking apart during the thinning process. Therefore, we cover the 

lamellae with an all-around deposition layer to create a framework that supports the particles during the 

subsequent thinning steps. 
The atomic structure of the samples is investigated by (high angle) annular darkfield (HAADF) scanning 

transmission electron microscopy (STEM) as well as brightfield transmission electron microscopy (TEM). 

Due to the high electron sensitivity of LLZO, low beam dose techniques incorporating cryo STEM are 

needed to image LLZO particles without inducing irradiation damages to the sample. 

Another analysis technique we apply to our samples is precession electron diffraction (PED). With PED 

an area of the sample is scanned and diffraction patterns for each scan point recorded. Due to the 

precession of the electron beam, the diffraction patterns are quasi kinematical in nature, which is 

advantageous for phase determination. This allows us to determine the phases of the primary grains, 

especially at the NCM-LLZO interface, on a micron-scale. 
We report that most NCM primary grains, especially in the non-sintered and sintered at 500°C sample, 

consist predominantly of the layered phase (Figure 1 a). 

A phase transition from the layered phase in the bulk to a spinel-like phase at the grains’ surface along the 

lithium diffusion channels can be observed (Figure 1 b). 

At the interface between LLZO and NCM the NCM particles seem to decompose as multiple phases other 

than the bulk’s layered phase can be observed (Figure 1 c). 

In the sample sintered at 600°C we find a higher occurrence of the rocksalt-like phase than in the other 

two samples (Figure 2). 

The combination of the highly precise and local analysis by STEM as well as PED enables us to obtain 

phase information at a high spatial resolution and over a large area, respectively. 
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Figure 1. High-resolution HAADF STEM images of an NCM primary grain (sintered at 500° C) showing 

a) layered structure in the [100] orientation and b) the phase transition from the layered [100] structure in 

the bulk to a spinel-like structure at the surface. c) TEM Brightfield image of the LLZO NCM interface 

exhibiting a different phase (blue) at the interface compared to the NCM bulk’s layered phase (red). 

 
Figure 2. Coefficient Correlation Map a) overlain by a Phase Map b) generated from a PED dataset taken 

of a NCM secondary particle sintered at 600° C. To create the Phase Map, the recorded diffraction pattern 

were matched with computed diffraction pattern of the NCM layered phase (blue) and NiO rocksalt-like 

phase (yellow). Grain boundaries are highlighted with black lines. 
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