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The recent improvements in electron microscopy instrumentation have lead to the adoption of electron 
energy loss spectroscopy (EELS) beyond the traditional fields of applications related to chemical 
analysis of materials and biological structures.  EELS is increasingly attracting the attention of the solid-
state physics and nano-optics communities due to the unparalleled spatial and energy resolution of this 
technique. This growing interest is supported by recent publications showing the realization of atomic-
resolved spectroscopy in complex solids and over ten years of research by several groups around the 
world probing surface-plasmon resonances. In this presentation, we focus on examples of applications of 
spatially resolved EELS for the study of energy-related materials, mainly Li-based layered compounds, 
and complex oxides with potential electronic applications, showing how atomic resolved measurements 
provide insight into the macroscopic properties of these materials.  
 
The experimental work was carried out with an FEI Titan (80-300 Cubed) microscope equipped with an 
electron energy loss spectroscopy (EELS) system (Quantum 966) and a monochromator. Samples were 
prepared using a combination of focused ion beam milling (Zeiss NVision 40 FIB/SEM) with low 
energy Ar ion final polishing (Fischione “NanoMill” system), and more conventional methods such as 
grinding powders into electron transparent samples. We have probed the structure of Li-based layered 
compounds used for energy storage applications and a variety of oxides, some superconducting 
compounds, either in single crystal forms or produced as ultrathin films grown by pulsed laser 
deposition methods. For Li-based compounds, inert atmosphere handling procedures were followed for 
transferring samples from a glove box system to the transmission electron microscope using a vacuum 
transfer holder.  
 
We have investigated a number of technologically relevant structures based on the LiNixMnyCo1-x-yO2 
(known as “NMC”) cathode materials, high-Li content phases (the so-called “high-energy” NMC 
phases), and cathode materials with coatings produced by Atomic Layer Deposition (ALD) method. In 
these systems, we have shown that the valence of transition metal ions, and the charge compensation 
mechanisms, can be effectively probed in pristine materials and cathodes that have been 
electrochemically cycled [1]. We demonstrate that the valence can be mapped effectively using a 
combination of spectra from reference compounds and statistical methods implemented to extract 
“phase” information with much reduced noise level in the spectra. From a practical point of view, we 
also show that this approach can be used to understand the evolution and degradation of these electrode 
materials under different electrochemical cycling conditions [2]. In the high-energy NMC compounds, 
we highlight how atomic-resolved mapping can be used to detect the presence of few atomic layers 
surface segregation of the transition metal atoms and changes in the local electronic structure of this 
material based on the O-K edge. These results are interpreted in light of the valence changes, the Li and 
oxygen loss on the cathode material.  
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In hole-doped high-temperature superconductors in the YBa2Cu3O6+δ system and in a chain-ladder 
compound of the Sr14−xCaxCu24O41 family, we have investigated the localization of holes at atomic 
resolution. Probing the O-K and Cu-L edges, we show that real-space measurements in these compounds 
provide detailed insight into the formal valence of Cu atoms as a function of oxygen content in 
YBa2Cu3O6+δ [3]. We also investigated how detailed atomic-resolved maps can be used to identify sub-
oxide phases in thin films of these materials [4]. In the chain-ladder compound Sr3Ca11Cu24O41, we 
highlight how EELS fine structure measurements at the O-K edge, combined with electron probe 
propagation calculations, provide detailed quantitative determination of the holes distribution [5]. These 
results on fine structures analysis are contrasted with the electron-doped high-temperature 
superconductors where local changes in the composition, generated upon doping, are observed.  
 
In light of these studies, the limitations of EELS measurements for the detection of single atoms and 
their bonding environment are discussed [6]. 
 
 
References:  
[1] Liu, H.S.; Bugnet, M.; Tessaro, M. Z.; Harris, K. J.; Dunham, M. J. R.; Jiang, M.; Goward, G. R.; 
Botton, G. A., Spatially resolved surface valence gradient and structural transformation of lithium 
transition metal oxides in lithium-ion batteries, Physical Chemistry Chemical Physics 18, 29064-29075  
(2016). 
[2] Li, J.; Liu, H.S.; Xia, J.; Cameron, A.R.; Nie, M.; Botton, G.A.; Dahn, J.R., The Impact of 
Electrolyte Additives and Upper Cut-off Voltage on the Formation of a Rocksalt Surface Layer in 
LiNi0.8Mn0.1Co0.1O2 Electrodes, J. Electrochemical Society, (2017) accepted. 
[3] Gauquelin, N.; Hawthorn, D. G.; Sawatzky, G. A.; Liang, R. X.; Bonn, D. A.; Hardy, W. N.; Botton, 
G. A., Atomic scale real-space mapping of holes in YBa2Cu3O6+delta, Nature Communications 5, 4275  
(2014). 
[4] Zhang, H.; Gauquelin, N.; Botton, G. A.; Wei, J. Y. T., Attenuation of superconductivity in 
manganite/cuprate heterostructures by epitaxially-induced CuO intergrowths, Applied Physics Letters 
103, 052606 (2013). 
[5] Bugnet, M.; Löffler, S.; Hawthorn, D.; Dabkowska, H. A.; Luke, G. M.; Schattschneider, P.; 
Sawatzky, G. A.; Radtke, G.; Botton, G. A., Real-space localization and quantification of hole 
distribution in chain-ladder Sr3Ca11Cu24O41 superconductor, Science Advances 2, e1501652 (2016). 
[6] The authors are grateful to NSERC for supporting this research. The microscopy was carried out at 
the Canadian Centre for Electron Microscopy, a National facility supported by The Canada Foundation 
for Innovation, under the MSI program, NSERC and McMaster. 

 
  

  
 

365Microsc. Microanal. 23 (Suppl 1), 2017

https://doi.org/10.1017/S1431927617002501 Published online by Cambridge University Press

https://doi.org/10.1017/S1431927617002501

