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A better understanding of the bulk material and the interfacial region between an electrode material and 
the electrolyte during battery operation is important for the design and optimization of next generation 
lithium ion batteries. One material currently of interest is the high voltage Li1.2Ni0.2Mn0.6O2 cathode 
material due to its ability to deliver reversible capacities in excess of 250 mAh/g at higher operating 
voltages (>4.5V). The initial capacity and resulting sloped region up to 4.40V in the charge curve results 
in lithium removal and concomitantly the oxidation of Ni2+ to Ni4+ while it has been suggested that Mn4+ 
remains unchanged. Following this process lithium extraction continues despite the fully charged 
transition metal oxidation states, and is shown by a plateau region at ~4.50V, the mechanism of which 
has been a subject of discussion in recent literature. While this anomalous plateau results in a greater 
first charge capacity, it is also associated with a larger irreversibility on the first discharge of up to ~100 
mAh/g; the subsequent charge curves are without this anomalous plateau region. The fundamental 
question with these materials is what causes the large irreversible loss in capacity. 

 
Dynamic structural changes during the first electrochemical charge and discharge cycle are studied with 
synchrotron X-ray diffraction (SXRD), aberration corrected scanning transmission electron microscopy 
(a-S/TEM) and electron energy loss spectroscopy (EELS). At different states of charge, we carefully 
examined the crystal structures and electronic structures within the bulk and have found that increased 
microstrain is accompanied with the cation migration and a second phase formation, which occurs 
during the first cycle voltage plateau as well as into the beginning of the discharge cycle. The evidence 
indicates that the oxygen vacancy formation and activation may facilitate cation migration and resulting 
in the formation of a second phase. The EELS results reveal Mn valence change from 4+ to 3+ upon 
oxygen vacancy formation and recovers back to 4+ at the discharge. The oxygen vacancy formation and 
activation at the partially delithiated state leads to the generation of several crystal defects which are 
observed in TEM. Identification of the correlation between microstrain and oxygen vacancy formation 
during the first electrochemical cycle clarifies the complex intercalation mechanisms that accounts for 
the anomalous capacities exceeding 200mAh/g in the Li-excess layered oxide compounds.   

 
A detailed surface was carried out using x-ray photoelectron spectroscopy (XPS), total electron yield 
and transmission x-ray absorption spectroscopy (XAS), and electron energy loss spectroscopy (EELS) 
during the first two electrochemical cycles. All spectroscopy techniques consistently showed the 
presence of Mn4+ in the pristine material and a surprising reduction of Mn at the voltage plateau during 
the first charge. The Mn reduction is accompanied by the oxygen loss revealed by EELS. Upon the first 
discharge, the Mn at the surface never fully recovers back to Mn4+. The electrode/electrolyte interface of 
this compound consists of the reduced Mn at the crystalline defect-spinel inner layer and an oxidized Mn 
species simultaneously with the presence of a superoxide species in amorphous outer layer. This 
proposed model signifies that oxygen vacancy formation and lithium removal result in electrolyte 



decomposition and superoxide formation, leading to Mn activation/dissolution and surface layer-spinel 
phase transformation. The results also indicate that the role of oxygen is complex and significant in 
contributing to the extra capacity of this class of high energy density cathode materials.   
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Figure 1.  The first electrochemical voltage profile showing the percent microstrain of 
Li[Li1/5Ni1/5Mn3/5]O2 plotted corresponding to the state of charge in the first electrochemical voltage 
profile as well as the corresponding TEM and STEM images.  

 
Figure 2.  Schematic showing the proposed mechanism for the formation and change in the 
electrode/electrolyte interface region during electrochemical cycling. 


