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The demand for energy storage is ever increasing; especially high energy densities for the use in 
electronic vehicles or the storage of the only partly predictable power sources wind and sunlight. 
Rechargeable Lithium-ion batteries offer the highest energy density and have been subject of 
intensive research in recent years. The cathode material is the primary factor in the regard of energy 
density, rate capability and cost, consequently its improvement is essential. One promising material 
is the high voltage spinel LiNi0.5Mn1.5O4. It displays a remarkable discharge voltage plateau at 
around 4.7 V and the material is inexpensive and environmentally benign [1], [2]. 

The oxidation state of manganese is crucial for the high voltage capacity and the stability against 
corrosion. The oxidation of Mn

3+
 to Mn

4+
 signs responsible for the 4.1 V plateau, the capacity at 

4.7 V is attributed to the Ni
2+

/Ni
4+

 couple. Consequently, when there is more Mn
4+

 in the 
LiMn1.5Ni0.5O4 spinel, more Ni

2+
 will be oxidized and the capacity at 4.7 V is improved [2], [3]. 

However at this high voltage a possible corrosion between the electrolyte and the cathode surface is 
a major concern, especially at elevated temperatures (60°C). The electrolytic salt LiPF6, most 
commonly used, can readily decompose reacting with trace amounts of water and form HF that is 
continuously attacking the cathode material [4], [5]. This leads to the disproportionation 
2 Mnsolid

3+
 -> Mnsolid

4+
 + Mnsolution

2+
 [4], [6]. The Mn

2+
-ions are readily dissolved in the electrolyte 

and are found to deposit on and in the SEI layer of the anode [6]. This process causes a huge 
increase in charge-transfer impedance and is mainly responsible for cell deterioration [7]. Studies 
using Raman-Spectroscopy show that the formation of λ-MnO2 out of Mn

4+
 on the cathode surface 

occurs locally [8]. Therefore a detailed, three-dimensional knowledge of the oxidation states of the 
included metal ions is of great interest, especially before and after several cycles of charging and 
discharging. 

Confocal micro X-ray fluorescence is a non-destructive and powerful method capable of three-
dimensionally analyzing the sample. Two sets of X-ray optics enable selectivity laterally and in 
depth [9]. Combined with the Si(111) crystal monochromator available at beamline 
L/HASYLAB/DESY it is possible to measure XANES 
spectra of a defined volume of the sample capable of 
elucidating the chemical species of an element at the surface 
and with restrictions also in depth.  

The LiNi0.5Mn1.5O4 electrode material was synthesized, 
casted on an aluminum foil as a layer with a thickness of 
250 µm and dried. Punches of 12 mm were made from these 
films and cycled at RT over 50 charge-discharge cycles. The 
electrode was extracted after completed discharge. 

For the CMXRF analysis a fresh electrode and the electrode 
cycled 50 times were probed. To determine the oxidation state 
the shift of the Mn Kα absorption edge is recorded and 
compared to absorption edges of reference materials, namely 
of Mn2O3 (Mn

3+
) and MnO2 (Mn

4+
). In Figure 1 the spectra of 

this references and additional Mn
2+

 and Mn
7+

 are shown. 

Figure 1: Absorption edges of reference materials MnCO3, Mn2O3, 

MnO2 and KMnO4. 



The edge shifts from Mn
2+

 to Mn
7+

 was found to be fairly linear. Data published by Buhrmester et 

al. strongly indicate that edge shift and Mn valence in Li Mn-spinel is linear correlated [10]. The 

results of the analysis of the freshly prepared electrode showed a content of 20% Mn
3+

 at the surface 

(Figure 2), which corresponds well to the results of cyclic voltammetry experiments. In contrast 

Mn
3+

 was barely detectable at the surface of the cycled electrode, only Mn
4+

 was found. An 

explanation would be the disproportionation of Mn
3+

 to Mn
2+

 and Mn
4+

 followed by a leaching of 

Mn
2+

 into the electrolyte. At this point it would be important to be able to probe the deeper layers of 

the electrode as well.  
 

 

Figure 2: K-edge region of the cycled LiMn1.5Ni0.5O4 on the Surface, in the Middle and in Depth compared 

with the uncycled material.  
 

Unfortunately the CMXRF-XANES in depth is hampered by absorption of the primary beam which 
results in a diminished white line and also affects the post edge line. This can be seen in Figure 2, 
the white line of the depth spectrum is almost gone. Therefore, though the in depth measurements 
indicate an increase of Mn

3+
 towards the inner part of the electrode, that needs to be confirmed in 

future analysis. 
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