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Advances in energy storage systems are critically important for meeting the ever-increasing demand for 
a broad range of technologies, such as power sources in hybrid or electrical vehicles, and for storing 
power from fluctuating renewable sources of wind or solar energy during peak-time use. Lithium ion 
batteries (LIBs) have received extensive attention as a top performing energy storage system. However, 
due to the intrinsic complexity of LIBs, for instance, the concurrent events of electrochemical, physical 
and mechanical processes during cycling, little progress has been achieved in making advanced batteries 
with enhanced performance. Therefore, understanding the mechanisms of the electrochemical reactions 
and electrode degradation from a microscopic view is highly important for guiding the design of high 
performance LIBs.  
 
Based on this motivation, we have developed a novel technique of “in-situ Transmission Electron 
Microscopy (TEM) electrochemistry” to study the working and degradation mechanisms in LIBs [1]. In 
this methodology, individual nano-batteries are assembled and tested inside a TEM. This allows for the 
dynamic observation with atomic-scale resolution of morphology evolution, phase transformation and 
chemical composition changes of battery materials. Various battery structures; including anodes, 
cathodes, and solid electrolyte interphase (SEI), as well as different reaction mechanisms; such as 
alloying, intercalation, and conversion reaction mechanisms, have been investigated systematically. 
 
In this presentation, some of the important results will be discussed, which covers the three main 
reaction mechanisms in LIBs: (1) Si is being considered as one of the leading candidates of the anode 
materials in LIBs for its high theoretical capacity. Si will undergo Li-alloying reaction upon lithiation. 
Using the in-situ TEM, it was found that the lithiation in crystal Si is highly anisotropic with the largest 
volume expansion along the <110> direction and the smallest volume expansion along the <111> 
direction [2], as shown in Figure 1. Atomic-scale lithiation process was observed using high resolution 
TEM imaging, which provides the root cause of the anisotropic volume expansion [3]. (2) The 
anisotropic lithiation mechanism in FePO4 was observed in real-time at atomic-scale for the first time 
[4]. A sharp phase boundary, which locates on the ac plane, exists between the lithiated LiFePO4 and 
non-lithiated FePO4, and migrates along the b-axis ([010] direction) in FePO4. (3) The conversion 
reaction mechanism and reversibility of lithium storage in conversion reaction type electrodes were 
investigated using a RuO2 nanowire [5], as shown in Figure 2. The phase transformation in conversion 
reaction type electrodes as well as the complicated mutual dependence between chemical and 
mechanical degradation will also be discussed. (4) Quantitative electrochemistry was demonstrated 



inside TEM [6]. Structure and phase changes on individual Si nanowire upon controlled 
charging/discharging rate can be obtained and correlated with electrochemical signatures.  
 
These results strongly indicate that the in-situ TEM electrochemistry, coupled with ex-situ coin cell and 
multiphysics modeling, provides a powerful method for not only a deep understanding of the 
fundamental sciences in LIBs, but also crucial guidance in the design of high performance LIBs [7]. 
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Figure 1.  Anisotropic volume expansion in Si anode upon lithiation. 
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Figure 2.  Two-step phase transformation in the first lithiation process in a single crystalline RuO2 
nanowire. 


