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The electronic structure at Ni, Mn and O sites and their 

evolution upon electrochemical lithiation of Li1-xNi0.5Mn1.5O4 in a 

lithium ion battery has been explored using comprehensive X-

ray absorption near edge spectroscopy (XANES) at Ni and Mn 

L3,2- and O K-edges with both surface sensitive and bulk 

sensitive detections.  It has confirmed that Ni reduction from 

Ni4+ to Ni2+ plays the leading role in charge compensation when 

the lithiation is above 4.5 V. Our study also unveils the 

participation of oxygen in the charge compensation.  

Furthermore, the enhanced difference in electronic structure 

between surface and bulk in electrochemically cycled samples 

and different surface electronic structure between fully 

discharged LNMO and pristine one highlight importance of 

electrochemical activation.  These findings are critical for a 

better understanding of the electrochemical reaction of LNMO 

and the influence of structural modifications in surface region on 

its performance, and then will assist further effort to improve 

this high voltage cathode material for its application in lithium 

ion battery. 

 

High-voltage spinel LiNi0.5Mn1.5O4 (LNMO) affords a cost-effective 

way to improve the energy density of lithium ion battery since it  has 

a 4.7 V charge-discharge plateau due to the Ni4+/Ni3+ and Ni3+/Ni2+ 

redox couples1. The three dimensional lithium diffusion paths in the 

spinel structure also grant it a high rate-capacity which is 

characteristic of high power electrode. The unique combination of 

high energy and power density in this material makes it one of most 

promising candidates for batteries in electric-drive vehicles1. 

However, issues involving the stability of electrolyte at high voltage, 

and the performance dependence on the structural ordering, 

doping/substitution and impurity are still not completely 

understood2-4. For instance, the role of Mn3+ in LNMO performance, 

activation, rate capacity3 or  instability5, still need to be further 

studied., The surface chemistry of LNMO can be designed to be 

different from that of the bulk (crystallinity and/or composition) 2. In 

addition to the complicated chemistry in LNMO and its application 

in a battery, the electronic structure of this material is also worthy 

exploring since electronic structure, including valence, spin and 

covalence, dictates electron conductivity, ion diffusion and structural 

stability and phase transformation, which are key factors for its 

electrochemical performance6, 7. For instance, the Ni4+/Ni3+ and 

Ni3+/Ni2+ redox couples in LNMO can be accessed in a voltage 

plateau without a voltage step when the Fermi energy of cathode is 

“pinned” at the top of the O p bands.1, 8 It is generally accepted that 

the discharge voltage plateau at 4.7V is due to Ni4+/Ni2+ redox and 

the 4.1V step is due to the reaction of Mn4+/Mn3+ 1.  But the solid 

evidence of these two steps and the clear understanding of roles by 

oxygen and Mn in this process are still elusive. Nor is it clear if there 

is any difference in the electronic structure between surface and bulk 

and how this difference affects the stability and rate performance of 

LNMO and electrolyte stability. All of these issues point out that 

tracking structural change at transition metals (Ni and Mn) and O 

sites in LNMO upon (de)lithiations with both surface and bulk 

detections is important for a full understanding of the 

electrochemical process.  X-ray absorption near edge structure 

(XANES) spectroscopy deals with the measurement and 

interpretation of the photoabsorption cross-section variation across a 

particular core level (absorption edge) of an atom in a chemical 

environment up to ~50 eV above the threshold. The absorption 

features in XANES track bound to bound and bound to quasi-bound 

(multiple scattering) transitions thus affording element specificity 

and local chemical environment sensitivity. XANES has been 

applied to reveal the fundamental structure and bonding in lithium 

ion battery electrode materials9 and their change under different 
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states of charge (SOC, a function of Li concentration in the host) 6, 7, 

10-15. Transition metal L3,2-edge can directly probe the oxidation 

state, spin state and covalence of metal oxide especially when 

combined with the O K-edge spectrum16, 17, therefore they are very 

powerful in exploring the critical electronic structure around Fermi 

level for battery electrode materials. More importantly, XANES in 

the soft X-ray range can simultaneously access surface and bulk of 

the sample via total electron yield and fluorescence yield, 

respectively. This letter reports an application of Ni and Mn L3,2-

edges and O K-edge XANES to study the structure in LNMO and 

its evolution along lithiation to afford a deeper understanding of 

the lithiation process and roles of each element in the process.  

 

LNMO powder (500 nm spinel particle aggregates into secondary 

micrometer-sized particles, inset of Figure 1a) was purchased 

from Hunan Shanshan Co. Electrodes were prepared by casting a 

slurry of the LNMO 80wt%, super P (Timcal) 10wt%, and 

polyvinylidene fluoride (PVDF, Alfa Aesar) 10wt%, in an N -methyl 

pyrrolidone (NMP, Alfa Aesar) slurry onto aluminium foil. After the 

slurry was dried at 50 oC, the electrodes were punched into 15.5 cm 

ø disks. The active material loading was 2.0-2.3 mg/cm2 weight and 

15±2 µm thick. The coin cells were assembled in argon-filled glove-

box with the thus fabricated cathodes, lithium foil anode, 1 M LiPF6 

in ethylene carbonate/ dimethyl carbonate (EC/DMC) electrolyte 

(Novolyte Tech, Suzhou), and Celgard M824 separator. In order to 

obtain stable performance of each cell, the cell was fully charged to 

5.2 V and discharged to 3 V for 5 cycles at 1 C, and then discharged 

0%, 20%, 40%, 60%, 80% and 100% of their stable discharge 

capacities to get different state of charge (SOC) in the 6th cycle. The 

cycling voltage profiles are displayed in Figure 1b. At each SOC, the 

coin cell was disassembled and the electrode washed by DMC for 3 

times. All electrodes were dried in the glove box and sealed in Al 

foil bag under Ar and transported into test instruments quickly to 

avoid contamination effects of ambient environment.. Though the 

current method can minimize the possible surface structure change 

future in situ or operando measurement is much more desirable and 

will be pursued in the future.   The XANES experiment of pristine 

and cycled LNMO with different SOC was performed at the 

SGM beamline in a vacuum chamber  at ~10-8 torr and data was 

recorded in the surface sensitive total electron yield (TEY, 

sensitive to the top ~ 5-10 nm) and bulk sensitive fulorence yield 

(FY, ~ 100 nm). Due to the self absorption distortion, FY at Mn 

L3,2-edge cannot be properly measured. Alternatively, Inverse 

Partial Fluorecence Yield (IPFY) was used by monitoring the 

inverse of O K-edge fluorecence yield to access the “bulk” 

sensitive Mn L3,2-edge spectrum for the fluorecence mode18. 

XANES data were first normalized to the incident photon flux I0 

measured with a fresh gold mesh located upstream of the sample. 

After background correction, the XANES was normalized to the 

edge jump (the difference in absorption just below and at a flat 

region above the edge).  

 The charge-discharge profiles in Fig. 1b show distinct 

performance in the first charge-discharge cycle relative to the 

subsequent cycles in terms of : 1) a small charge plateau at ~ 3V;  2) 

much lower Coulomb efficiency in the first cycle which is related to 

the formation of solid electrolyte interphase (SEI) layer, a Li 

permeable passivation layer, in the first charge1; and 3) gradual 

voltage decrease with a slope at the end of first discharge and this 

voltage drop becomes more sharp in subsequent cycles. The last 

point reflects the kinetic difference of lithiation process in different 

cycles. In addition to a voltage plateau at 4.7 V, a discharge step at 4 

V is visible which shall be caused by Mn4+ to Mn3+ redox reaction1. 

Interestingly, this voltage step almost disappears in charge profile 

which indicates the possibility of disproportion reaction of Mn3+ at 

the end of discharge which decomposes Mn3+ into soluble Mn2+ and 

Mn4+.1, 5 The detailed electronic structure evolution during the 

lithiation process will be explored by XANES in Ni, Mn and O sites 

in following sections.  

 

Fig. 1 (a) SEM image of the LNMO electrode and pristine spinel 

LNMO particles (a, inset); and (b) charge and discharge profiles for 

the first 6 cycles of LNMO electrode.  At the 6th discharge, samples 

of A, B, C, D, E, and F with different SOCs (100%, 80%, 60%, 40%, 

20% and 0%, respectively) were obtained. 

 We will focus first on the Ni L3,2-edge XANES of LNMO with 

different SOCs to explore the electronic structure at Ni site upon 

electrochemical (de)lithiation. Both “bulk” sensitive FY mode 

with a probe depth of ~ 100 nm and surface sensitive TEY mode 

with a probe depth of ~ 5 nm were used to collect Ni L3,2-edge 

XANES and the spectra are displayed in Fig. 2a and 2b, 

respectively. The L3,2-edges of 3d transition metals result from 

the electronic transitions from the metal 2p level to mostly 

unoccupied 3d states which are sensitive to the oxidation, spin 

state and covalence7, 17. L3,2-edge spectra consist of L3-edge 

(from Ni 2p3/2 to Ni 3d state) and L2-edge (from Ni 2p1/2 to Ni 3d 

state), with L3-edge normally presenting more features due to the 

ligand field splitting effect. The electronic structure change 

among LNMO with different SOCs is apprent in Fig. 2a. The 

pristine and LNMO samples with low SOCs (E and F) are 

comparable to the low spin Ni2+ (t2g
6eg

2)9, 19, while LNMO 

samples with high SOCs clearly present new features. Starting 

from the LNMO with SOC of 40% (sample D), peak 2 around 

854 eV becomes more intense and shifts to lower energy. This 

shift becomes very clear in LNMO with a SOC of 60% (sample C) 

where the peak 2 moves to ~853.6 eV with an intensity higher 

than that of the peak 3 at 852.8 eV. We assume spectroscopic 

features in sample C corresponding to the Ni3+ with low spin 

state (t2g
6eg

1). With even higher SOC of 80% (sample B), a new 

feature, peak 1 at ~ 855.2 eV evolves and becoming dominat in 

LNMO with SOC of 100% (sample A). This new feature can be 

assigned to the low spin Ni4+ (t2g
6eg

0). At a probe depth of 100 

nm, the Ni L3,2-edge FY spectra thus clearly show that the 

transition of Ni4+ to Ni2+ via a intermediate state of Ni3+ 

corresponding to the charge compensation process when the 

electrode was discharged from 100% SOC (A) to 20 % SOC (E). 
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Though the lithiation definitely happen from E to F, the Ni redox 

does not appear to be involved in this discharge period since 

there is almost no change in Ni L-edge spectra between those 

two states1. When we turn our attention to the surface sensitive 

TEY spectra shown in Fig. 2b,  we can observe substantial 

spectral difference with lower intensities of peaks 1 and 2 

relative to that of peak 3,  as compared to the FY case. Such 

difference is more obvious in higher SOC samples (A, B, and C). 

This clearly displays the structural difference between the 

surface and “bulk” which has also been observed in other 

transition metal oxide cathodes12. Such spectral difference could 

mean that there is more Ni with lower oxidation state at the 

surface than that in the “bulk”. Such phenomena have been 

observed in other metal oxide cathodes6, 14, 20 and it might mean a 

Li enriched surface considering the higher charging/discharging 

rate (1C) used in this study. It should be noted that LNMO at 

higher voltage during the first cycle can oxidize the electrolyte to 

form a SEI, which shall possibly in turn reduce the surface Ni 

species and bring Li ion back to the surface region of LNMO. 

Surface chemistry in cycled LNMO is very complex and dynamic, 

for instance, SEI stripping has been confirmed by in situ FTIR 

during discharge21 which hints gradually changed LNMO surface 

structure in first several electrochemical cycles. Further 

systematic studies are necessary to clarify the real cause of the 

surface Ni reduction but the lower oxidation states of Ni shall be 

beneficial for the stabilization of electrolyte due to a lower 

surface potential. 

  

 

Fig. 2  XANES of LNMO with different SOC and pristine LNMO at 
Ni L3-edge recorded in FY mode (a), and recorded at TEY mode (b). 

 

The electronic evolution during (de)lithiation in LNMO was 

further studied by Mn L3-edge XANES at IPFY and TEY modes 

as shown in Fig 3. Similar to the Ni case, Mn L3 edge involves 

the electronic transition from Mn 2p3/2 to Mn 3d state and it is 

sensitive to the Mn 3d state (oxidation state, spin and colvalence). 

All spectra have similar feature (peaks of 1, 2 and 3) and 

comparable to Mn4+,12, 13 especially in the bulk sensitive IPFY 

(Fig. 3a). This agrees with theoretical expectation that Mn 

remains at Mn4+ during the electrochemical charge and discharge. 

However upon careful inspection, subtle but certain differences 

among samples can been resolved. First of all, both peaks 1 and 2 

shift to lower energy with the increase of SOC (sample A being 

at lowest energy) in both IPFY and TEY modes. Apparently TEY 

mode presents more clear change with the appearance and the 

shift of the shoulder peak “a” along with the shift of peaks 1 and 

2 as a function of SOC. These observations, especially the 

existence of peak “a”,  could mean an increase of Mn with lower 

oxidation state (Mn2+ or Mn3+)22 with charge. However the 

existence of Mn2+ and Mn3+ in LNMO with SOC of 40% and 

above is contradictory to the stable oxidation state at Mn4+, 

predicted from the open-circuit energy diagrame of LNMO1. 

Similar Mn L-edge XANES evolution in Li2MnO3 with different 

SOCs has been assigned to the electronic structure change at the 

oxygen site with the assistance of theoretical calculation13. That 

work revealed that the electronic state of oxygen ion (oygen ion 

loses electrons) in Li2MnO3 can cause the Mn L3,2-edge shifting 

to lower energy and the increase of the peak 2. Additionally, 

peak “a” is much better resolved in TEY for all samples, the 

increased intensity of peak “a” could be due to the surface 

reconstruction14,20,27 in LNMO after cycling.  It should be 

mentioned that the surface of cycled LNMO is very complex, 

though the current  spectroscopic change might be caused by the 

oxygen structural change being analogous to that of Li2MnO3, we 

cannot completely rule out the surface Li enrichment as being 

discussed in the Ni XANES section. Such Li concentration 

gradient has been widely observed in several metal oxide 

cathodes and is a consequence of lithium diffusion6, 14 and/or 

structural modification20. It should also be pointed out that 

regardless of the causes for the spectroscopic difference, oxygen 

structural change or the possible surface Li enrichment, this 

modification shall be constrained in a very small region 

considering the probing depth of less than 5 nm at TEY mode. In 

comparison, there are very small spectroscopic difference in 

IPFY as shown in Fig. 3a. Furthermore, it can be observed that 

Mn in LNMO with SOC of 0% is different from the pristine one 

especially on the surface in which peak 1 of the cycled one 

appears at lower energy relative to that in the pristine one (see 

Fig. 3b). This subtle chemical shift on the surface of LNMO  

indicates that the change in surface structure after 

charge/discharge cycles  shall be responsible for the activation 

(cycle 2 has much better electrochemical performance than the 

first charge/discharge cycle) as a result of improved Li ion 

diffussion and electronic conductivity. Finally, it is obvious that 

the Mn L3-edge variation as a function of SOC (Fig. 3b) is not as 

systematic as that of Ni L3-edge in Fig.2 (Fig. 2a), which 

highlights the different role of Ni and Mn in the electrochemical 

process of LNMO.  

 

Fig. 3 Mn L3-edge XANES of LNMO with different SOC and 
pristine LNMO in IPFY (a) and TEY modes (b). 

Finally, the electronic structure of LNMO with different SOC 

was examined by O K-edge XANES to glean an insight of the 

role of oxygen in the lithiation process as shown in Fig. 4. The O 

K-edge arises from  excitations of O 1s electron to the 
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unoccupied orbitals with dominant p character. Peaks a and b 

arise from the hybridization of O 2p and metal (Ni and Mn) 3d 

orbitals and the broad peaks at c and d are due to hybrid states of 

O 2p with metal 4sp characters. Upon the increase of  SOC four 

spectroscopic changes can be observed: a shift of peak “a” to 

lower energy; a broadening of peaks “c” and “d”; a shift of peaks 

“c” and “d” to higher energy; and an increase of relative ratio of 

peaks (“a”, “b”) to the broad peaks (“c” and “d”). These changes 

are apparent in both Fig. 4a and 4b, while more obvious in bulk 

sensitive FY mode. It is known that the shift of peak “a” to lower 

energy is due to a higher oxidation metal state because of the 

greater effective nuclear charge12. This is consistent with the Ni 

L3,2-edge results that with higher SOC Ni is more oxidized. 

Peaks “c” and “d” are due to the σ* state in ligand K-edge 

XANES and the σ* state is sensitive to the bond distance23, 24. 

Shorter metal-ligand distance will cause an energy shift to higher 

which is the case in this study when the SOC increases. This 

suggests that the extraction of Li ion shall reduce the transition 

metal-oxygen bond length. It has been established25 that an 

increase of peaks (“a”,“b”) over to the broad peak (“c”, “d”) 

represents an increase of metal-oxygen hybridization. This agrees 

with the conlusion of a shorter metal-oxygen bond length 

mentioned above. Fig.4 also clearly presents the surface and bulk 

difference at O site. First of all, surface has much smaller peak 

“a” shift with the increase of SOC which could indicate a less 

oxidized Ni than that in the bulk and again agrees with the Ni L-

edge results. Furthermore, at the bulk, LNMO with higher SOC 

have lower intensity at peaks “c” and “d” than the pristine one 

does, except LNMO with 0% SOC which has very similar O 

feature to that of pristine LNMO; in contrast, at the surface 

cycled ones have much intense peak “c” and “d” than the pristine 

one. Since a higher intensity in O K-edge XANES could mean 

more unoccupied O 2p states; thus this agrees with above 

assumption of electron lose at oxygen side on the cycled LNMO 

surface which changes the Mn L-edge features. Interestingly, the 

extremely intense peak c in 0%SOC LNMO has previously been 

observed in lithiated anatase TiO2 which has been attributed to a 

focusing effect due to a linear O-Li-O arrangment11. Those 

surface and bulk spectroscopic differences highlight the surface 

structure modification after  several charge/discharge cycles and 

clearly indicate the contribution of oxygen in the electrochemical 

(de)lithiation process. We note that the relative intensity of peak 

c in cycled LNMO dcreases along the increase of SOC. This 

phenomenon might be cuased by the thicker SEI layer26 in 

LNMO samples with higher SOC which may “block” oxygen 

signal from cycled LNMO to certain extent.  

 

 

Fig.4 O K-edge XANES of LNMO with different SOC and pristine 

LNMO at FY (a) and at TEY modes (b). 

 

In summary, detailed electronic structure at the Ni, Mn, and O 

sites in charged LNMO samples with different SOC along with 

the pristine LNMO has been studied by comprehensive XANES 

involving mutliple elements and edges in both surface and bulk 

sensitive modes. Spectroscopic evidence of the existence of Ni4+, 

Ni3+ and Ni2+ in LNMO with different SOC has been found. 

Although Ni is the major redox species in charge compensation 

as expected, O is also actively involved in the process with non-

trivial roles. The spectroscopic difference between surface and 

bulk in cycled LNMO observed at Ni, Mn and O sites implies the 

Li enrichment or a more oxidized oxygen ion on the surface after 

charge/discharge cycles. Different surface structure between 

fully discharged LNMO and pristine one as indicated by their Mn 

L3-edge and O K-edge TEY spectra shall be responsible for the 

electrochemical activation in the first several cycles.  These 

observations are useful for better understanding of this 

complicated spinel cathode and for its further development, 

especially when combined with theoretical calculation and 

modelling.  
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