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Oxygen Vacancies and Ordering of d-levels Control 
Voltage Suppression in Oxide Cathodes: the Case of Spinel 
LiNi 0.5 Mn 1.5 O 4-  δ   
 This study presents a microscopic model for the correlation between the con-
centration of oxygen vacancies and voltage suppression in high voltage spinel 
cathodes for Li-ion batteries. Using fi rst principles simulations, it is shown 
that neutral oxygen vacancies in LiNi 0.5 Mn 1.5 O 4- δ   promote substitutional 
Ni/Mn disorder and the formation of Ni-rich and Ni-poor regions. The former 
trap oxygen vacancies, while the latter trap electrons associated with these 
vacancies. This leads to the creation of deep and shallow Mn 3 +   states and 
affects the stability of the lattice Li ions. Together, these two factors result in 
a characteristic profi le of the voltage dependence on Li content. This insight 
provides guidance for mitigating the voltage suppression in LiNi 0.5 Mn 1.5 O 4  
and other cathodes. 
  1. Introduction 

 Spinel transition metal oxides (general formula AB 2 O 4 ) form 
a large class of materials with diverse properties and potential 
applications as high-voltage cathodes for Li-ion batteries, [  1  ,  2  ]  
transparent conductors, [  3     −     5  ,  6  ]  and superconductors. [  7  ]  However, 
their electrical properties remain poorly understood, hindering 
knowledge-based design of compositions with desired perfor-
mance characteristics. Electrical properties of these oxides are 
largely determined by the ability of the transition metal ions, 
which have partially fi lled 3d orbitals, to change their oxida-
tion states, a degree of freedom widely exploited in design. For 
example, doping is often used to introduce mixed valence states 
in the transition metals and, thus, tune the material’s conduc-
tivity. [  8  ]  Doping not only controls the electronic transport in spi-
nels, but also infl uences ionic transport of the A-type cations, 
as revealed in extensive experimental studies of spinel cathode 
materials used in Li-ion batteries. [  9  –    13  ]  Another common feature 
of doped spinel transition metal oxides is a close connection 
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between their electrical and magnetic 
properties on the one side and the details 
of cation arrangement in the lattice on 
the other. Several studies addressing the 
origin of cation ordering in stoichiometric 
spinel oxides have been reported. [  14  ,  15  ]  
Cation doping and the presence of defects 
in the anion sublattice, oxygen vacancies 
being the most common one, [  16  ]  add a 
new level of complexity into the struc-
ture–property relation in these materials; 
such effects remain poorly understood. 
Defects trigger changes in the electronic 
structure of complex transition metal 
oxides, thus, affecting, the energetics for 
electron and ion transport. The intimate 
link between the local geometrical structure of defects and mac-
roscopic electric properties presents a challenge for materials 
design: improving the ionic and electronic transport proper-
ties and stability of the electrochemical performance using the 
trial-and-error approach alone is a daunting task, as manifested, 
for example, by the voltage suppression problem in Li-Mn-rich 
oxides, solution for which remains elusive. 

 Here, we investigate the relation between the details of cation 
arrangement and electrical properties of transition metal spinel 
oxides on the example of oxygen-defi cient (i.e., reduced) spinel 
LiNi 0.5 Mn 1.5 O 4-  δ    (LNMO), presently one of the most promising 
cathode materials for the next generation Li-ion batteries. Elec-
trochemical performance of stoichiometric and oxygen-defi -
cient LNMO with ordered and disordered confi gurations of 
Ni has been extensively investigated. [  1  ,  9  ,  10  ,  12  ,  17–39  ]  It was experi-
mentally shown that Ni/Mn site disorder increases the specifi c 
capacity and conductivity of LNMO. [  10  ]  Similarly, theoretical evi-
dence suggests that cation disorder lowers the Li atom extrac-
tion energies. [  40  ]  Moreover, the electrochemical performance of 
LNMO was shown to be strongly linked to the concentration of 
oxygen vacancies. [  41  ]  However, the origin of this effect remains 
elusive. Understanding the relation between oxygen defi ciency, 
which can be controlled during synthesis, and the electrochem-
ical properties of transition metal oxides opens a new avenue 
for knowledge-based design of electrode materials. 

 In this study, we investigate the effect of oxygen vacancies 
on the arrangement of Ni and Mn cations in the lattice and 
on the electronic structure and electrochemical properties of 
LNMO using ab initio simulations based on density functional 
theory. We propose that i) oxygen defi ciency promotes forma-
tion of disordered Ni/Mn confi gurations and ii) both oxygen 
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     Figure  1 .     Local atomic structure of a neutral oxygen vacancy ( V  O ) at 
a) Ni 1 Mn 2  sites and b) Ni 2 Mn 1  sites. The vacancy site is shown with a 
small black sphere. Two electrons associated with  V  O  localize on nearest 
or second-nearest Mn ions. Lattice ions in the order of increasing size: Li  +   
(light), O 2 −   (dark), Mn 4 +   (dark), Ni 2 +   (light), Mn 3 +   (dark).  
defi ciency and Ni/Mn site disorder are responsible for changes 
in Li vacancy formation energies and the corresponding volt-
ages in Li  x  Ni 0.5 Mn 1.5 O 4-  δ    as a function of Li concentration (0 ≤ 
 x  ≤ 1). Our results provide an explanation for the origin of the 
voltage suppression phenomenon and suggest pathways for 
minimizing its detrimental effect.   

 2. Results and Discussion 

 To elucidate the effect of oxygen vacancies on the Ni/Mn 
ordering, we calculated relative energies of all non-equivalent 
Ni/Mn confi gurations within the 56-atom LNMO supercell 
using an empirical potential shell model, as described else-
where, [  10  ]  and then refi ned these calculations for 10 lowest-
energy confi gurations using the Perdew-Burke-Errizerhof 
revised for solids (PBEsol) density functional and the Hubbard 
 U  correction for Ni and Mn 3d states. [  42  ]  Since the electronic 
structure of oxygen vacancies strongly depends on their imme-
diate environment, [  16  ]  Ni/Mn confi gurations in which oxygen 
sites have several types of nearest neighbor environments were 
selected. Specifi cally, in confi guration A (the lowest energy 
one, P4 3 32 space group with Ni ordered over the 4b sites), O 
sites have either three Mn neighbors (Ni 0 Mn 3 ) or one Ni and 
two Mn neighbors (Ni 1 Mn 2 ), while in confi guration B (the 3 rd  
lowest energy one,  F d 3̄m    space group with Ni randomly occu-
pying 16d sites), O sites have Ni 0 Mn 3 , Ni 1 Mn 2 , and Ni 2 Mn 1  
neighbors. Ni/Mn confi gurations containing oxygen sites with 
Ni 3 Mn 0  neighbors are signifi cantly less stable than confi gura-
tions A and B and, therefore, are not considered here. 

 The energy difference between the stoichiometric confi gu-
rations A and B is 0.76 eV per 56-atom supercell ( Table    1  ). In 
the oxygen defi cient case, this energy difference depends on 
the oxygen vacancy ( V  O ) site and becomes as low as 0.21 eV if 
the vacancy occupies the lowest energy sites in both A and B. 
The data in Table  1  confi rms that i) the  V  O  are most likely to 
form at the O sites having one or more neighboring Ni ions and 
ii) oxygen defi ciency diminishes thermodynamic preference for 
the formation of the lowest-energy Ni/Mn confi guration, which 
is consistent with earlier shell model calculations. [  10  ]  Thus, 
oxygen defi ciency promotes substitutional disorder of Ni/Mn 
site occupation.  

 In the following, we consider four systems: i) a fully stoi-
chiometric LNMO and oxygen-defi cient LNMO containing ii) 
one  V  O –Ni 1 Mn 2 , iii) one  V  O –Ni 2 Mn 1 , and iv) two neighboring 
© 2013 WILEY-VCH Verlag Gm

   Table  1.     Relative energies (in eV per 56-atom supercell) of the stoichio-
metric and oxygen defi cient Ni/Mn confi gurations A and B. Positive 
values mean that confi guration A is more stable than B. The most stable 
vacancy sites in A and B are shown in bold. 

Ni/Mn 
confi guration 

 A

 V  O  site No  V  O   V  O –Ni 0 Mn 3    V  O –Ni 1 Mn 2   

B No  V  O 0.76

 V  O –Ni 0 Mn 3 0.32 0.97

 V  O –Ni 1 Mn 2 0.21 0.86

  V  O –Ni 2 Mn 1  –0.44 0.21

Adv. Funct. Mater. 2013, 23, 5530–5535
 V  O –Ni 2 Mn 1  defects. The analysis of the charge density distribu-
tion in reduced LNMO suggests that two electrons associated 
with the vacancy at the Ni 1 Mn 2  site localize on  e  g  states of the 
two Mn ions nearest to the vacancy ( Figure    1  a) converting them 
to Mn 3 +  . In the case of  V  O –Ni 2 Mn 1 , one of these electrons local-
izes on the Mn site next to the vacancy and another one, at the 
second-nearest Mn site (Figure  1 b). In both cases, the  V O   site 
becomes depleted of electron density and acquires the effec-
tive charge of approximately  + 2. Since the ionic charge of Ni 
species is less positive than that of Mn species, regions with 
higher than average local concentrations of Ni carry an effective 
negative local charge, which explains why  V  O  is preferentially 
5531wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  3 .     a) Li atom vacancy formation energies in Li 8- x  Ni 4 Mn 12 O 32- y   ( x   =  
0–7 and  y   =  0–2) calculated with respect to an isolated Li atom and shown 
as a function of the number of vacancies N  =   x   +  1. The Ni and Mn sym-
bols, where shown, indicate which atoms are oxidized upon extraction of 
the corresponding Li atom; Ni atoms are oxidized in all other cases. b) Li 
vacancy formation energies (averaged over N) for Ni/Mn confi guration A 
containing a  V  O  at a Ni 1 Mn 2  site.  

     Figure  2 .     Schematics of the electronic structures of a) Mn 4 +  , b) Mn 3 +  , 
and c) Ni 2 +   ions in the stoichiometric (Mn 4 +   and Ni 2 +   only) and oxygen-
defi cient LNMO lattice and d) the corresponding spin-densities. The up 
and down arrows correspond to spin-up and spin-down electronic states, 
respectively.  
formed in such regions. For the same reason, occupied  e  g  states 
of Mn 3 +   in Ni-rich regions have, on average, higher one-elec-
tron energies than those in Ni-poor regions.  

 Formation of oxygen vacancies promotes occupation of the 
Mn  e  g  states ( Figure    2  ) and, thereby, induces redistribution of 
the charge density and moves the energy of the highest occu-
pied state of the LNMO lattice to higher values. In addition, the 
effective positive charge of the vacancies reduces the binding 
energy of nearby Li  +   ions. These factors affect energetics for 
lithiation/de-lithiation, which, as we show below, is consistent 
with the characteristic profi le of the voltage–capacity curves 
observed in reduced LNMO.  

   Figure 3  a shows the formation energies of Li atom vacancies 
in Li 8- x  Ni 4 Mn 12 O 32- y   ( x   =  0–7 and  y   =  0–2) calculated for the stoi-
chiometric Ni/Mn confi guration A and oxygen defi cient con-
fi gurations A and B with the lowest-energy  V  O  confi gurations. 
For each value of  x , we considered all possible arrangements 
of a neutral Li vacancy within the Li 8- x   sublattice, which gives 
a range of values for the vacancy formation energy (Figure  3 b). 
These simulations show that energy required to extract Li atoms 
from the stoichiometric LNMO are approximately constant over 
a wide range of Li concentrations. In contrast, energy required 
to extract the fi rst Li atom in the vicinity of  V  O –Ni 1 Mn 2  vacancy 
is  ≈ 0.7 eV smaller than that needed to extract the second and 
all other Li atoms, while in the case of the  V  O –Ni 2 Mn 1  vacancy, 
this difference exceeds 1 eV.  

 Analysis of the geometrical and electronic structures of the 
Li 8- x  Ni 4 Mn 12 O 31  demonstrates that at small  x  ( x   =  1 for isolated 
 V  O  and  x   =  1,2 for the  V  O  dimer) Li vacancies are formed at 
the sites nearest to the  V  O , and the Mn 3 +   ions near the  V  O  are 
converted to Mn 4 +   states. To rationalize this effect of the  V  O , 
we note that the main contributions to the formation energy of 
neutral Li vacancies come from i) the energy required to extract 
a Li  +   ion and ii) ionization potential of the lattice. The ionic 
contribution is determined by the magnitude of the positive 
electrostatic potential due to  V  O , which destabilizes Li  +   ions 
next to it (see Supporting Information) and signifi cantly lowers 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag
the Li  +   vacancy formation energy at this site. At the same time, 
since  V  O  form preferentially in the Ni-rich regions, which are 
negatively-charged with respect to the lattice, the energy levels 
of the Mn 3 +    e  g  states in these regions are relatively high and, 
therefore, the ionization potential is low. Thus, the Ni-rich 
regions give rise to shallow Mn 3 +   states. Conversely, the Ni-
poor regions are positively charged with respect to the lattice 
and the ionization potential of the Mn 3 +    e   g   states in these areas 
is high, that is, they give rise to deep Mn 3 +   states. 

 The electronic structure of oxygen vacancies can be described 
using the density of states ( Figure    4  ). Due to different local 
environments of Mn 3 +   ions in the fi rst and second coordination 
shells of  V  O , the occupied  e  g  states of Mn span a range of ener-
gies and can be located above the  e  g  band or overlap with it. For 
example, in the fully lithiated  V  O –Ni 1 Mn 2  defect (Figure  4 a),  e  g  
states of one Mn 3 +   appear above the  e  g  band of Ni, while in the 
 V  O –Ni 2 Mn 1  defect the  e  g  states of both Mn 3 +   species are just 
below the highest occupied Ni  e  g  states (Figure  4 b). We note 
that as the charge distribution of the LNMO lattice changes in 
the process of delithiation, so do the positions of the occupied 
Mn 3 +    e  g  levels. In particular, as shown in Figure  3 a, extraction 
of the fi rst two Li atoms in the vicinity of the  V  O –Ni 1 Mn 2  defect 
results in oxidation of both Mn 3 +   ions, that is,  e  g  states of both 
Mn 3 +   species are shallow. On the other hand, in  V  O –Ni 2 Mn 1  
defects only 50% of the Mn 3 +    e  g  states are shallow, while the 
other 50% appear to be deep states and get oxidized only at the 
very low Li concentration:  x   =  7 for an isolated  V  O –Ni 2 Mn 1  and 
 x   =  6,7 for a  V  O –Ni 2 Mn 1  dimer.  

 Since the electrostatic potential induced by  V  O  is propor-
tional to 1/ r , where  r  is the distance from the vacancy site, it 
is expected that Li  +   ions located closer to  V  O  are affected by 
its electrostatic potential to a larger extent. However, given a 
relatively small size of the supercell, we did not fi nd any clear 
correlation between the locations of the Li  +   vacancies and the 
 V  O  beyond the nearest neighbors. Indeed, outside the second 
 GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 5530–5535



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com

     Figure  4 .     Densities of states for fully lithiated Ni/Mn confi gurations with 
a  V  O  a) at the Ni 1 Mn 2  and b) Ni 2 Mn 1  sites, as calculated using the hybrid 
B3LYP density functional (see Supporting Information). Shaded areas 
show the occupied  e  g  states of Mn 3 +   ions.  

     Figure  5 .     Voltage calculated with respect to the Li metal electrode for sev-
eral concentrations of oxygen vacancies. The electrostatic potential due to 
the  V  O  and low ionization potential due to shallow Mn 3 +   states dominate 
at the high Li concentrations, while the high ionization potential due to 
deep Mn 3 +   states dominate at low Li concentrations.  
coordination shell of Li atoms the electrostatic potential can be 
considered as a slowly varying function of  r . Since for larger 
values of  x , Li  +   vacancies are compensated by the electrons 
vacating the states of the relatively narrow Ni  e  g  band (Figure  4 ), 
its ionization energy does not change signifi cantly with the Li 
concentration even though this band is gradually depleted as 
 x  increases, which explains the nearly constant Li vacancy for-
mation energy for  x   =  3–8 in this system and in stoichiometric 
LNMO (Figure  3 a). 

 The Li vacancy formation energies (Figure  3 a) were converted 
into voltage-capacity curves as follows. First, we estimated rela-
tive concentrations of the most stable oxygen vacancy confi gu-
rations from the total energy calculations of oxygen-defi cient 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 5530–5535
LNMO. The concentrations for an isolated  V  O  at Ni 1 Mn 2  and 
Ni 2 Mn 1  sites and a vacancy dimer, in which both vacancies are 
at Ni 2 Mn 1  sites, as calculated for the processing temperature of 
900  ° C, [  10  ]  are 85.6%, 11.6%, and 2.8%, respectively. Then, frac-
tions of Li atoms affected by these vacancies for any given  V  O  
concentration were calculated assuming that Li vacancies form 
at the sites with the lowest vacancy formation energy fi rst (see 
Supporting Information for details). 

 The voltage profi les calculated for three reduced LNMO sam-
ples, corresponding to Mn 3 +   concentrations of 6, 9, and 12%, 
are shown in  Figure    5  . The low-voltage region at high Li con-
centration is dominated by the Li sites that are located next to 
 V  O  and Mn with shallow Mn 3 +   states simultaneously, so as both 
the ionic and the electronic contributions to the cost of forming 
the neutral Li vacancy are small. It follows from our results that 
such sites are located in the locally Ni-rich regions. If LNMO is 
weakly oxygen defi cient, formation of extensive Ni-rich regions 
is suppressed, and they are quickly depleted as the concentra-
tion of Li is reduced. However, if LNMO contains a large con-
centration of oxygen vacancies, the formation of locally Ni-rich 
regions becomes favorable (see Table  1 ) and the low-voltage 
region covers a noticeable interval of Li concentration. We 
emphasize that even in the case of the lowest energy ordered 
Ni/Mn confi guration A, the formation of oxygen vacancies 
results in the voltage drop by as much as 0.6–0.7 V. However, 
this effect is much more pronounced if Ni/Mn site occupation 
allows the formation of O–Ni 2 Mn 1  local structures, as it is the 
case in the Ni/Mn confi guration B. On the other hand, in the 
limit of the low Li content, the electrostatic potential produced 
by  V  O  is no longer a signifi cant factor. Instead, the Li extraction 
energy is determined by the lowest ionization potential of the 
lattice. In all our calculations, the deep Mn 3 +   states are associ-
ated with  V  O –Ni 2 Mn 1  defects, which result in the voltage spike 
of 0.4–0.5 V at  x   =  1,2 (Figure  3 a). These results are consistent 
with the experimentally observed voltage steps at  ≈ 90% and 
 ≈ 10% Li content. [  10  ,  28  ,  41  ]   
5533wileyonlinelibrary.combH & Co. KGaA, Weinheim
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 The comparison of the voltage values at the high and low Li 
content suggests that the electronic contribution of  V  O  (i.e., ion-
ization of Mn 3 +   ions) into deviation of voltage from its median 
value is of the order of 0.5 eV, while its ionic contribution (i.e., 
the effect of its electrostatic potential on the stability of neigh-
boring Li  +   ions) is of the order of 1 eV. Importantly, ionization 
of Mn 3 +   ions can contribute to both lower and higher voltage 
if the corresponding Mn 3 +   states are shallow and deep, respec-
tively. In turn, this suggests a pathway for minimizing the det-
rimental effects of the oxygen vacancies on the voltage charac-
teristics. We propose that doping LNMO with transition metal 
elements that have low-lying unoccupied states can eliminate 
shallow Mn 3 +   states altogether and, thus, reduce voltage sup-
pression at high Li content. Alternatively, substituting a fraction 
of Ni 2 +   and Mn 4 +   ions with redox-inert cations that have high 
ionic charges can increase stability of Li  +   ions. In this case, the 
electrons associated with a neutral oxygen vacancy are favored 
to localize at the vacancy site rather than on Mn species and, 
thus, mimic the Li  +  –O 2 −   interaction to some extent.   

 3. Conclusions 

 Our simulations show that neutral oxygen vacancies in LNMO 
promote formation of Ni-rich regions, which are negatively 
charged with respect to the lattice. This makes the electrons 
associated with these vacancies to localize on Mn 3 +    e   g   states of 
two types: shallow states in the Ni-rich regions and deep states 
in the Ni-poor regions. The positive electrostatic potential pro-
duced by the oxygen vacancies and the existence of the shallow 
and deep Mn 3 +   states result in appearance of the low-voltage 
region at high Li content and high-voltage region at low Li 
content. This is consistent with characteristic changes in the 
voltage capacity curves observed experimentally during electro-
chemical cycling. [  10  ,  43  ,  44  ]  We propose that doping LNMO with 
judiciously selected cations can help to remedy voltage suppres-
sion effects. This approach may also be used to enhance the 
electrochemical stability of Li–Mn rich oxides, which tend to 
experience continuous voltage fade. [  1  ,  12  ,  37  ,  45–47  ]    

 4. Experimental Section 
 The LiNi 0.5 Mn 1.5 O 4  lattice was represented using the crystallographic 
56-atom super cell. The lattice constant has been fi xed at the value, 
which corresponds to the experimentally observed lattice constant for 
LNMO, prepared using high temperature calcination, that is, 8.182 Å 
for the cubic super cell. [  10  ]  It was found that relaxation the lattice cell 
vectors changes the Li vacancy formation energies by less than 0.1% 
(see Supporting Information) and thereby does not give a signifi cant 
contribution to the calculated voltage. 

 Ab initio simulations of delithiation of stoichiometric and reduced 
LNMO were performed using density functional theory (DFT), the 
PBEsol exchange-correlation functional designed for solids. [  42  ]  and 
projector augmented wave potentials, [  48  ]  as implemented in the VASP 
code. [  49  ,  50  ]  The plane-wave basis with a 500 eV cutoff and a 2  ×  2  ×  2 
Monkhorst-Pack grid were used. In all cases, the Hubbard  U  correction 
for Ni and Mn 3d states was applied to account for the electron 
localization at these ions. [  2  ]  

 The internal coordinates were optimized in each case. These 
coordinates were then used to calculate the electronic structures of the 
most stable confi gurations of oxygen- and lithium-defi cient LNMO with 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
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 It was found that the most stable spin confi guration in the 
toichiometric LNMO is formed by the high-spin states of Mn 4 +   ions 
3 spin-up  t  2g  electrons) and Ni 2 +   ions (2 spin-down  e  g  electrons). This 
onfi guration was taken as a reference in all subsequent calculations of 
NMO with oxygen and lithium vacancies and the number of spin-up 
nd spin-down electrons was adjusted accordingly. 

 To simulate the voltage–capacity curves, the energy cost for the 
xtraction of  n  ( n   =  1–8) Li atoms, were calculated quantum mechanically 
or all possible arrangements of Li vacancies in a 56 atom cubic cell with 
wo lowest-energy arrangements of Ni ions and containing 0, 1, and 2 
xygen vacancies. The formation energies were adjusted for the chemical 
otential of the metal Li (equal to –1.9 eV) to obtain the corresponding 
oltage values. [  2  ]    
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