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Abstract  

To reduce the cobalt (Co) content in lithium-ion batteries, Ni-rich (high-Ni) lithium nickel 
manganese cobalt oxides (NMC) are pursued as one of the next-generation cathode materials. 
However, there is still debate on the crystal and electronic structures of the baseline, LiNiO2. 
Density Functional Theory (DFT) calculations were performed to provide a theoretical 
understanding of Ni-rich NMC. First, it was found that the commonly used R3m structure for 
LiNiO2 is metallic, contrary to the experimentally reported mix-conducting behavior.  Among the 
four different space groups, R3m, C2/m, P21/c, and P2/c, P2/c with charge disproportionation of 
Ni2+ and Ni4+ is the most energetically stable and semiconducting structure of LiNiO2. Therefore, 
the atomic structures of representative Ni-rich NMC were built by partially replacing Ni with Co 
or Mn in the P2/c LiNiO2 to form LixNiyMnzCo1-y-zO2.  In the fully lithiated (x=1.0) high Ni content 
NMC (y>0.5), the oxidation state of all Mn ions becomes 4+, while Co ions still maintain 3+, and 
part of the Ni ions become 3+ to compensate for the charge. Upon delithiation, the local 
environment shows more variation of the charge states on the transition metal (TM) ions.  The 
average oxidation on each TM follows a sequence of losing electrons that starts from Ni2+ to Ni3+, 
then oxidizing Ni3+ and Co3+, while Mn4+ remains electrochemically inactive till x=0. A general 
relationship for the oxidation state change in each TM as a function of x is derived and shows 
agreement with both modeling and experimental data. 
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1. Introduction 

The rechargeable Li-ion battery, powered by shuttling lithium ions between cathodes and anodes, 
has evolved into a pillar of modern society, impacting our daily life from smart phones to electric 
cars. The overall energy output of the rechargeable Li-ion battery is limited by its cathode due to 
its relatively lower energy density compared to the anode. Consequently, increasing the voltage 
and capacity of cathode materials plays a more critical role in increasing the energy density of the 
Li-ion battery cell. The first commercialized and currently most widely used cathode material is 
LiCoO2. However, as a result of the cost-prohibitive and controversial sourcing of Co, it is crucial 
to look for cathode materials with low Co content. Among different cathodes, Ni-rich NMC oxides 
constructed by a mix of nickel (Ni), manganese (Mn), and cobalt, which have high discharge 
capacities, working voltage, and high energy densities, are considered among the most promising 
candidates.[1] However, the source of high capacity, Ni, has proved to be the cause of capacity 
fade in addition to low thermal stability [2]. Finding a compromise among the Ni/Co/Mn ratio to 
achieve high energy density, stability (long cycle life and high safety), and cost requires a 
theoretical understanding of the atomic and electronic structure and redox activity of each 
transition metal (TM) in the high-Ni NMC cathode. In this endeavor, our research seeks to give a 
comprehensive understanding of the oxidation state changes in TMs during delithiation. The 
different oxidation states in TMs correlate with structural stability and degradation mechanisms, 
such as cation mixing[3], Ni/Li disordering[4], dissolution[5], oxygen release, transformation to 
spinel, surface reactions, and mechanical stresses associated with Jahn–Teller distortions[6]. The 
charge state of TMs also varies the electrostatic repulsion between TM and Li ion and thus affects 
Li diffusion.[7, 8] As a result, nuanced insight into the oxidation state changes in transition metals 
during delithiation will enable the tailoring of cathode materials to achieve a balanced compromise 
between high energy density, longevity, and stability, meeting the stringent demands of advanced 
energy storage applications. 

The redox activity in Ni-rich NMC is a complicated phenomenon. First, the transition metal 
ions in high-Ni NMC cathode are multi-valent, suggesting they could have oxidation states other 
than 3+ at the fully discharged state. Then the sequence of losing electrons becomes a competition 
between the electron occupancy on different TM-d and O-2p orbitals. The results 
(Li1.2Ni0.15Co0.1Mn0.55O2 [9], LiNi1/3Co1/3Mn1/3O2 [10-14], Li1.05Ni0.35Co0.25Mn0.4O2 [15], 
LiNi0.6Co0.2Mn0.2 O2 [16, 17], and LiNi0.8Co0.1Mn0.1O2 [18]) generally agree on the oxidation 
sequence of Ni2+, Ni3+ then Co3+, while Mn4+ remains electrochemically inactive. Experimentally, 
the TM oxidation state change can be identified from electron energy loss spectroscopy 
(EELS)[19-25] and X-ray absorption spectroscopy (XAS)[19, 26-28]. The information is more 
averaged while the local TM oxidation state may depend on the crystal symmetry, TM mixing, 
cation exchange[4, 29], Li concentration and oxygen vacancies. In this work, the local electronic 
properties of a representative NMC811 structure will be calculated and the sequence of losing 
electrons will be predicted and compared with the experimental observations. 
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To determine the structure of high-Ni NMC cathode for following computations on the 
electronic redox activities, it is intuitive to start from the most stable LiNiO2 structure as a parent 
structure for high-Ni NMC and substitute certain Ni sites with Mn or Co. A space group with 
rhombohedral symmetry (R3m) under an α-NaFeO2-type framework, in which oxygen layers pack 
in an ABCABC sequence, is often constructed as a representative structure of Ni-rich NMC 
oxides.[30-34] This structure is universally reported by bulk-averaged experimental methods such 
as X-ray powder diffraction and neutron powder diffraction. However, the LiNiO2 R3m structure 
with Ni being octahedrally coordinated to six oxygen atoms through equivalent Ni–O bonds 
conflicts with the renowned Jahn–Teller (JT) activity of low-spin trivalent Ni. By means of X-ray 
absorption techniques and pair distribution functions, the presence of local JT distortions with four 
short and two long Ni–O bonds in LiNiO2 has been experimentally observed.[35-38] Besides, the 
LiNiO2-R3m structure has been shown to be metallic in density functional theory calculations[39], 
contrary to the experimentally reported semi-conducting behavior, suggesting the R3m structure 
may not be the correct starting point to study Ni-rich NMC oxides. Since the accurate electronic 
structure is critical for the understanding of the redox activity in NMC with mixed transition 
metals, it is required to first determine the correct structure of LiNiO2 and the subsequent structure 
of Ni-rich NMC. 

Because the commonly accepted R3m symmetry of LiNiO2 conflicts with the renowned JT 
activity and the experiment-measured conducting behavior, the symmetry of LiNiO2 structure is 
still a subject of debate. In the past decade, several theoretical studies have tried to clarify the true 
ground state structure and give a more detailed insight into the local structure of LiNiO2. Initiated 
by H. Chen et.al. ’s work, [39] three possible monoclinic crystal structures for LiNiO2: C2/m, 
P21/c, and P2/c were introduced. The C2/m and P21/c structures are Jahn-Teller distorted. While 
C2/m and P21/c contain JT elongated Ni-O octahedral, the Ni is mainly 3+ in these structures. The 
P2/c structure does not have distorted transition metal-oxygen octahedrons, but it does allow an 
oxidation state disproportionation of Ni (Ni2+ and Ni4 +). It is not the first time that C2/m has been 
examined for α-NaFeO2-type structures. For instance, experiments showed LixNiO2 presented a 
C2/m phase for x in the range from 0.4 to 0.8 [40], and LixCoO2 transformed from the original 
R3m phase into a C2/m phase at x around 0.5.[41] Conversely, H. Chen et.al. ’s work is the first to 
propose a crystal structure with P2/c space group symmetry as a possible ground-state structure 
for LiNiO2. In fact, considering the potential energy surface of LiNiO2, all three low-symmetrical 
structures showed lower energy than the commonly used R3m structure. R3m is even not a local 
minimum. Moreover, all three monoclinic structures display semiconducting behavior which 
agrees with the experiments, while R3m is metallic. Recently, several theoretical studies have 
offered explanations for the puzzling structural properties outlined above. Ab initio molecular 
dynamics simulations [2, 38, 42] and electron spin resonance studies [43, 44] have suggested the 
existence of a dynamic and non-cooperativity JT effect in LiNiO2. The continuous and high-
frequency reorientation of the JT direction causes the six Ni-O bond lengths measured in the 
experiment to be equal in length, which are the values of the average of the longer bond and the 
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shorter bond. These two effects lead to LiNiO2 the commonly accepted macroscopic R 3m 
symmetry. In addition, due to the contribution of the electron configurational entropy, the LiNiO2 
structure often exists in a high-entropy charge-glasslike state, which is a mix of P21/c and P2/c 
phases, at and below room temperatures.[45] The coexistence of JT distorted and charge 
disproportion octahedrons in the cell prevent the long-range order in the materials and lead to the 
observation of an averaged high symmetric structure. Since R3m is only a macroscopic average, 
the low energy structure with correct electronic structures needs to be used as the base LiNiO2 
structure to predict the redox activity of Ni-rich NMC.  

In this work, First-principles calculations are applied to investigate the crystal structures 
and electronic structures of Ni-rich NMC oxides. Instead of R3m, three different space groups, 
C2/m, P21/c, and P2/c serve as the represented structures of LiNiO2 and the parent structures of its 
directly related compounds. The search of the ground state structures of LiNiO2 and the base 
structure for the represented high-Ni NMC oxides is performed by analyzing the electron structures 
and energy evolutions of the materials. Moreover, the local electronic structure evolutions and the 
oxidation states changing of transition metals during the delithiation are also investigated.  
Furthermore, based on the understanding of the oxidation sequences on transition metal ions in 
representative NMC811, a general oxidation state version lithium content relationship was derived 
for any high-Ni (y>0.5) in LixNiyMnzCo1-y-zO2. This general relationship was validated by 
comparing two compositions, namely NMC811 and NMC622 in experiments.  

 

2. Computational Methods and Justification  

In this work, first-principles calculations are performed within the framework of density 
functional theory (DFT) by the projector augmented wave (PAW) method using the Vienna ab 
initio simulation package (VASP).[46, 47] DFT calculations are widely applied in high-Ni NMC 
cathode materials and could help illustrate material properties such as preferential doping sites in 
host materials[48], the origin of crack generation in [49], oxygen revolutions [50], and phase 
transformation [41]. Ever since Aydinol et al. [9] used the local-density approximations (LDA) to 
compute the intercalation voltage of layered LiMO2 cathode materials for various 3d transition 
metals (which includes Ni, Co, and Mn) in 1996, the effectiveness of different exchange 
correlation functionals, including LDA [14], generalized gradient approximations (GGA) [14, 30], 
GGA+U[30, 32, 51] and GGA+U+D3 [32] were used to reproduce the voltages for NMC333, 
NMC532 and NMC622  as a function of lithium content and surface properties of  NMC811[52], 

[53]. As noted by Chevrier and Ceder [54], LDA and GGA would underestimate redox potentials 
for transition metal oxide compounds; adding a Hubbard potential U (GGA+U) could alleviate the 
problem, but the most accurate predictions are given by the hybrid functional HSE-06 method.[55]  

Recognizing the importance and challenges of capturing the correct d-orbital ranking in a 
multi-TM mixed structure, with GGA+U, the GGA+U calculations performed on single and 
double transition metal cathode materials will be calibrated with HSE-06. In this work, the Perdue, 
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Burke, and Ernzerhof (PBE) was used for the exchange–correlation functional [56] and The GGA 
+ U approach is adopted to describe the strongly correlated d electrons of the transition metals.[57]  
The selection of Hubbard U parameters of 6.5, 4.5, and 4.9 eV for Ni, Mn, and Co ions respectively 
is determined based on literature[39, 58, 59], where the value of U was proved to be barely relevant 
to the results of computations. An initial collinear ferromagnetic ordering and magnetic moments 
of 1.0, 4.0, and 0.0 for Ni, Mn, and Co, respectively, were used.  The plane-wave cutoff is set to 
be 600 eV. The gamma centered Monkhorst–Pack scheme of k-point generation is applied, with 
k-point spacing less than 0.03 Å-1 in the Brillouin zone. Structural optimization is performed for 
all the cases until the maximum residual force on all atoms becomes less than 0.02 eV-Å-1 while 
the cell is allowed to relax. The geometry optimization and electronic relaxation of single and 
double transition metal cathode materials are performed within both GGA+U and HSE-06 
framework. The oxidation states of transition metal ions are interpreted based on the magnetization 
results obtained from VASP calibrated with simple known systems. To balance computational 
accuracy and efficiency, NMC structures with random cation mixing were performed with 
GGA+U after the calibration with HSE-06. 

The model structures representing Ni-rich NMC cathode materials are built by partially 
replacing Ni with Co or Mn in the base P2/c LiNiO2 structure, which is the most energetically 
stable and semiconducting layered structure of LiNiO2.  The oxidation state change of cations Mn 
and Co are clarified and compared to the redox couples reported in experiments to further examine 
the efficacy of the computations. This paper also considered the preference of Mn and Co when 
occupying Ni sites to carefully and systematically simulate the high-Ni NMC cathode materials. 
It is worth noting that the cells applied in this paper are relatively ordered considering the DFT 
computation costs. More random structures could be built referring to H. Sun and K. Zhao’s work, 
[33] where they generated 81 configurations for NMC cathodes based on R3m structure. Based on 
the results of this work, random structures built on P2/c LiNiO2 with random Co and Mn 
substitution will serve as a better choice to represent Ni-rich NMC structures. 

 

3. Results and Discussion 

3.1 Identifying pure base structures 

To identify the pure base structure for Ni-rich NMC oxides, the LiNiO2 is considered 
within R3m, C2/m, P21/c, and P2/c space groups in unit cells of 12, 8, 8, and 16 atoms respectively. 
Fig. 1 shows the relaxed crystal structures of LiNiO2 in four different space groups. The lattice 
parameters, calculated via GGA+U method for these four structures, are listed in Table 1 along 
with LiCoO2 and LiMnO2 in R3m symmetry. As the symmetry changes, the c lattice constant 
varies, so we listed layer thickness to compare different structures. All four structures share the 
same “abcabc” oxygen stacking sequence and equal layer thickness of 4.74-4.78 Å. The layer 
thickness between two adjacent transition metal layers in LiNiO2 is similar to LiCoO2 (4.70 Å) 
and smaller than LiMnO2 (4.85 Å).  



6 

The most notable difference among the three LiNiO2 structures is the shape of the 
Transition Metal-Oxygen (TM-O) octahedrons and electric properties. In R3m LiNiO2, all Ni are 
Ni3+ having equal TM-O bond length of 1.98 Å and β equals 120°, which indicates R3m LiNiO2 
is hexagonal; In C2/m and P21/c LiNiO2, all Ni are Ni3+ but the octahedrons are elongated along 
one TM-O bond direction (Fig. 1 (c) and (e)), creating two longer bond lengths and four shorter 
bond lengths. The result agrees with the experimental measurements, with the shorter bonds 1.91 
Å and the longer bonds 2.09 Å, leading to an overall average bond length of 1.97 Å[35]; In P2/c 
LiNiO2, Ni is allowed in two oxidation states: Ni2+ and Ni4+. The Ni2+-O bonds range from 2.04 Å 
to 2.06 Å, while the Ni4+-O bonds are between 1.87 Å and 1.88 Å. In Fig 1. (f) and (g), the two 
types of TM-O octahedrons are differentiated by color: orange represents the slightly larger Ni2+-
O octahedrons and yellow represents the smaller Ni4+-O octahedrons. All the C2/m, P21/c, and 
P2/c LiNiO2 are monoclinic structures with non-equal TM-O bond lengths in them. Moreover, 
semiconductor band gaps emerge in all three monoclinic structures while the R3m LiNiO2 has a 
metallic behavior. 

 

 

Fig 1. Representative crystal structures of LiNiO2. Red spheres represent oxygen, green spheres represent lithium, 
orange spheres represent Ni2+, silver spheres represent Ni3+ and yellow spheres represent Ni4+.  (a) side view of the 
R3m cell. (b) side view of the C2/m cell. (c) top view of the C2/m cell. (d) side view of the P21/c cell. (e) top view of 
the P21/c cell. (g) side view of the P2/c cell. (g) top view of the P2/c cell 

Table 1. The unit cell parameters, transition metal (TM)-O bond lengths, band gap, layer thickness (lithium layer and 
transition metal layer), TM magnetic moment and normalized stabilization energies (relative to the R3m cell). 

 LiCoO2-
R𝟑𝟑m 

LiMnO2-
R𝟑𝟑m 

LiNiO2-
R𝟑𝟑m 

LiNiO2-
C2/m 

LiNiO2-
P21/c 

LiNiO2-P2/c 

a(Å) 2.82 3.10 2.88 5.13 5.83 4.92 
b(Å) 2.82 2.86 2.88 2.77 2.92 5.78 
c(Å) 14.17 14.72 14.34 5.12 4.88 5.01 

γ/β(°) 120 118 120 112 125 109 
Layer thickness(Å) 4.70 4.85 4.78 4.75 4.74 4.74 
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Band gap(eV) 2.70 1.13 Metallic 0.32 0.37 0.75 
dTM-O(Å) 1.93 1.96,  

2.33 
1.98 1.89, 

 2.13 
1.90,  
2.10 

2.04 - 2.06 (Ni2+) 
1.87 - 1.88 (Ni4+) 

TM Mag. Mom. (μB) 
and charge (Q) a 

0 
(Co3+) 

3.91 
(Mn3+) 

1.41  
(Ni3+) 

1.08  
(Ni3+) 

1.12 
(Ni3+) 

1.77 (Ni2+) 
0.09 (Ni4+) 

Energy b 
f.u. (meV) 

GGA+U   0 -64.61 -70.29 -78.06 
vdW   0 -59 -64 -73 

a TM ion Magnetic Moment (μB) and the classical charge state (Q) 
b Energy / f.u. with respect to that of R3m symmetry  
 

The oxidation states on Ni are defined by the magnetic moment (μB listed in Table 1 and 
Table S1) and their electronic structures (Fig. S2). The integer oxidation state is a convenient 
description for transition metal oxides, although mixed ionic and covalent bonds with partial 
electron transfers are more accurate. Our previous studies have shown the magnetic moment is 
more reliable and sensitive to the integer oxidation states on transition metals than the Bader charge 
analysis. [60] In this study, we first calibrated the magnetic moment with known charge states in 
simpler systems (e.g. LiCoO2, LiMnO2, and LiNiO2) and used them to indicate the charges in a 
mixed cation system. For example, with no unpaired electrons, Co3+ and Ni4+ showed μB close to 
zero, in LiCoO2-R3m and one site in LiNiO2-P2/c. The μB for Ni in LiNiO2-R3m is close to the 
ideal value of Ni3+ with one unpaired electron. It is increased and decreased in LiNiO2-P2/c, 
corresponding to the charge disproportionate change. Since the computed μB aligns well with the 
low spin electronic configurations in the three transition metals, we did not separately project d-
orbitals into t2g and eg in the PDOS plot. Fig. 2 plots the total density of states (DOS) and the 
projected DOS (PDOS) for Ni and O atoms of the three structures, where the PDOS plots only 
include the Ni-3d or O-2p orbitals of an individual ion, since all the ions of the same kind share 
the same electronic characteristics. The comparison of the three total DOS plots on the right panel 
of Fig. 2 showed that the R3m structure is metallic, while the C2/m, P21/c, and P2/c structures 
have a band gap of 0.32 eV, 0.37 eV and 0.75 eV, respectively. Metallic LiNiO2 is contradictory 
to previous experimental studies that proved LiNiO2 is a small-gap semiconductor of around 0.5 
eV [61].  Notably, the fermi level in all the DOS plots is referred to as 0, below which the states 
are occupied. The colored PDOS plots on the left of Fig. 2 along with the individual cation PDOS 
(Fig S2 in SI) separate the contribution of different ions so that the disparate electronic 
characteristics of the three nickel ions can be clearly observed: in R3m, the correlated Ni-3d and 
O-2p orbitals contain the fermi level, indicating a metallic behavior; in P2/c, the up and down two 
unoccupied states belong to Ni4+, corresponding to its electron configuration of t2g

6eg
0; while no 

obvious unoccupied state could be found around fermi level belonging to the high-spin Ni2+ 
(t2g

6eg
2). In C2/m and P21/c, the unoccupied state above fermi level conforms to the electron 

configuration t2g
6eg

1 of Ni3+. We interpreted Ni charges as “3+” if they show uniform charge in 
LiNiO2. However, The Ni3+ in C2/m and P21/c structures showed fewer unpaired electrons than 
that in R3m, consistent with the lower μB values. In fact, in the low-spin metal complex with such 
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an asymmetric electron occupancy (Ni3+: t2g
6eg

1), a strong Jahn-Teller distortion is expected to 
occur to stabilize electrons and orbital ordering.  

It was known that GGA typically underestimates the band gap, and GGA+U can predict a 
more accurate band gap. To validate the U-parameters used in the GGA+U method, the more 
accurate hybrid functional HSE-06 was also performed. The total density of states of the HSE-06 
calculation also shows LiNiO2 in a R3m cell should be metallic (Fig. S1). Both methods predict 
that LiNiO2 with an R3m symmetry is metallic.  

Table 1 also lists the energies of these structures. The energy of C2/m, P21/c, and P2/c 
LiNiO2 are lower than the R3m structure by 65 meV, 70 meV, and 78 meV, respectively, similar 
to that reported by H.Chen[39], while the energies of three monoclinic structures are lower than 
R3m structure by 59 meV, 64 meV, and 73 meV by considering vdW-correction in the calculations. 
Although the energy difference among the four LiNiO2 structures is only less than 0.1 eV, their 
band structures show drastic differences. Since the LiNiO2 with an R3m symmetry is metallic, 
against experimental observations, it can be determined that C2/m P21/c, and P2/c structures are 
more reasonable base structures for Ni-rich NMC cathode materials in computations and will be 
applied in the later discussions. 
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Fig 2. Projected density of states (PDOS) and total density of states of the four different unit cells for LiNiO2. Yellow 
represents O-2p orbitals, and the shades of blue represent Ni-3d in all four different unit cells, with blue representing 
Ni3+-3d while light-blue and dark-blue representing Ni2+-3d and Ni4+-3d in P2/c unit cell, respectively.   
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3.2 Substituting Ni with Co/Mn 

Due to the lower symmetry of C2/m, P21/c, and P2/c LiNiO2 structures, there are multiple 
options for Co and Mn to substitute a Ni site. Since Ni exhibits 2+ and 4+ in the P2/c structure and 
3+ in the C2/m and P21/c structure, it is unclear if Co or Mn has any preference for substituting Ni 
at a specific oxidation state. This is an additional challenge compared to generating random 
structures based on R3�m structure [33]. Therefore, the oxidation states of Ni, Mn, and Co in a 
LixNiyMnzCo1-y-zO2. structure needs to be investigated. In a typical NMC811 metal oxide, where 
non-Ni transition metal ions only occupy 10% of the total number of transition metal ions, it is 
acceptable to assume a dilute approximation that Mn and Co are independent when occupying Ni 
sites.  

Therefore, the aforementioned questions could be first simplified and discussed in binary 
systems, namely Li(NiMn)O2 and Li(NiCo)O2, where the substitution behavior of Mn and Co are 
studied separately. To identify the preference of Mn and Co when doping in the different sites in 
LiNiO2, LiNi0.5Mn0.5O2 and LiNi0.5Co0.5O2 are built with C2/m, P21/c, and P2/c symmetry in 2 × 
3 × 1 (48 atoms), 2 × 2 × 2 (64 atoms), and 2 × 2 × 1 (64 atoms) supercells, respectively. These 
ordered structures with different configurations are used to give insight into the competition of the 
charge states with mixed cations. The DFT computed binary mixing free energy with respect to 
the pure LiMO2 is defined as  

𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐸𝐸(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) − 𝛼𝛼𝑀𝑀1𝐸𝐸𝐿𝐿𝐿𝐿(𝑀𝑀1)𝑂𝑂2 − 𝛼𝛼𝑀𝑀2𝐸𝐸𝐿𝐿𝐿𝐿(𝑀𝑀2)𝑂𝑂2 + 𝑁𝑁𝑘𝑘𝐵𝐵𝑇𝑇(𝛼𝛼𝑀𝑀1 ln𝛼𝛼𝑀𝑀1 + 𝛼𝛼𝑀𝑀2 ln𝛼𝛼𝑀𝑀2),          (Eq. 1) 

where E is the energy calculated by DFT and 𝛼𝛼 is the fraction of transition metal M1 and M2 in the 
compound.  

Table 2 records the magnetic moments, μB, and the oxidation states of all the transition 
metal (TM) ions in the LiNi0.5Mn0.5O2 and LiNi0.5Co0.5O2 cells calculated by using both GGA+U 
and HSE-06 methods, which are compared in order to test if GGA+U along with the U-parameters 
used can capture the correct oxidation states in oxides with mixed transition metal cations. The 
eight columns in Table 2 represent Mn and Co occupying the four inequivalent doping sites, the 
Ni3+ site in C2/m and P21/c as well as the Ni2+ and Ni4+ sites in P2/c, in both LiNi0.5Mn0.5O2 and 
LiNi0.5Co0.5O2. By observing the charge states of Mn (the left half of Q  in Table 2), it is easy to 
notice that for LiNi0.5Mn0.5O2, no matter which site Mn occupies, Mn is always oxidized to the 
Mn4+ state, and correspondingly, the remaining Ni becomes Ni2+. Both GGA+U and HSE-06 
methods give the same oxidation states for Mn and Ni, meaning the substitution site of Mn does 
not have preference. In other words, Mn can subsite either the Ni2+ or the Ni4+ sites within the P2/c 
structure, and the final states are the same after relaxation. This is further correlated with the same 
formation energy (-436 meV for GGA+U and-342 meV for HSE-06) of the two relaxed P2/c 
LiNi0.5Mn0.5O2 with different Ni occupancies. P2/c type LiNi0.5Co0.5O2, however, exhibited 
different behavior. After Co substitution, HSE results suggest that Co and Ni both exhibit 3+ 
charges. GGA+U results agree with the HSE results with one exception, that is when Co occupying 
Ni4+ sites in P2/c structures, the GGA+U computation reports Ni2+ and Co4+.  Moreover, 
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considering the mixing free energy, it is also thermodynamically unstable when Co occupying Ni4+ 
sites in P2/c. This result is likely due to the insufficient accuracy of GGA+U when describing 
systems with both localized and delocalized electronic states.[50]  

 

Table 2. Oxidation state, Q, interpreted from magnetic moment, μB, of transition metal ions when mixing Mn or Co 
into pure LiNiO2 to form ordered LiNi0.5Mn0.5O2 and LiNi0.5Co0.5O2. 

Composition LiNi0.5Mn0.5O2 LiNi0.5Co0.5O2 
Original Symmetry  C2/m P21/c P2/c C2/m P21/c P2/c 
Ni Substituted  (Ni3+)     (Ni3+)     (Ni2+) (Ni4+)  (Ni3+)     (Ni3+)     (Ni2+) (Ni4+) 
Ni μB  GGA+U 1.79 1.79 1.79 1.79 1.31 1.12 1.17 1.59 

HSE 1.69 1.69 1.70 1.70 0.90 0.86 0.84 0.86 
Q GGA+U 2+ 2+ 2+ 2+ 3+ 3+ 3+ 2+ 

HSE 2+ 2+ 2+ 2+ 3+ 3+ 3+ 3+ 
TM  μB  GGA+U 3.25 3.08 3.26 3.26 0.03 0.02 0.04 1.85 

HSE 3.08 2.93 3.08 3.08 0.03 0.01 0.00 0.00 
Q GGA+U 4+ 4+ 4+ 4+ 3+ 3+ 3+ 4+ 

HSE 4+ 4+ 4+ 4+ 3+ 3+ 3+ 3+ 
𝑮𝑮𝒎𝒎𝒎𝒎𝒎𝒎 (meV) GGA+U -348 -314 -436 -436 7 -49 -41 50 

HSE -161 -429 -342 -342 215 -52 -57 214 

 

Table 3. Oxidation state, Q, and magnetic moment, µ, of transition metal ions in LixNi0.5Mn0.5O2 and LixNi0.5Co0.5O2 
(x=1, 0.5, 0). 

 LixNi0.5Mn0.5O2 (P2/c) LixNi0.5Co0.5O2 (P2/c) 

 Ni Mn Ni Co 

μB Q μB Q µ Q µ Q 

x = 1 1.8 2+ 3.3 4+ 1.2 3+ 0 3+ 

x = 0.5 1.1 3+ 3.3 4+ 0 4+ 0 3+ 

x = 0 0.3 4+ 3.3 4+ 0.1 4+ 1.3 4+ 

 

Starting from the LixNi0.5Mn0.5O2 and LixNi0.5Co0.5O2 P2/c cells, half-delithiated and fully-
delithiated structures were calculated by randomly removing Li atoms. Table 3 shows the 
magnetic moment and charge states on the TM cations. During delithiation, the Ni in 
LixNi0.5Mn0.5O2 (x=1, 0.5, 0) changes from 2+ to 3+ and to 4+ while Mn4+ remains the same charge; 
suggesting Ni2+ and Ni3+ are redox active and Mn4+ is not. In contrast, both Ni and Co are 3+ in 
LiNi0.5Co0.5O2. During delithiation, Ni3+ is oxidized to Ni4+, suggesting it is redox active first. This 
is reasonable by considering the electron occupancy of Ni3+ (t2g

6eg
1) and Co3+ (t2g

6eg
0), it is easier 

for Ni to lose its unpaired eg
1 electron. After Ni3+ is oxidized to Ni4+, both Ni4+ and Co3+ have fully 

filled t2g orbitals, so the less oxidized Co3+ becomes easier to oxidize than Ni4+ as shown in Table 
3 within the range of x=0.5 to 0.  
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Fig 3. PDOS of the P2/c unit cells for LixNi0.5Mn0.5O2 and LixNi0.5Co0.5O2 (x=1, 0.5, 0). Yellow represents O-2p 
orbitals, shades of blue represent Ni-3d, gray represents Mn4+-3d, and shades of red represent Co-3d, respectively. (a) 
LiNi0.5Mn0.5O2. (b) Li0.5Ni0.5Mn0.5O2. (c) Li0Ni0.5Mn0.5O2. (d) LiNi0.5Co0.5O2. (d) Li0.5Ni0.5Co0.5O2. (f) Li0Ni0.5Co0.5O2. 
Note that when de-lithiation, the sequence of losing electrons is: Ni2+, Ni3+, Co3+ and Mn4+. 

 

The PDOS shown in Fig. 3 further verifies the above changes for LixNi0.5Mn0.5O2 and 
LixNi0.5Co0.5O2 (x=1, 0.5, 0) P2/c unit cells during delithiation. In line with the conclusions from 
Table 3, that Mn stays as the highly oxidized Mn4+ during delithiation, the DOS plots of Mn (gray) 
remain almost unchanged in (a), (b) and (c) at different stages of delithiation. In contrast with Ni, 
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of which the DOS plots (shades of blue) keep changing shape, and when the structure is fully 
delithiated, DOS becomes highly symmetrical, implying the zero spin of Ni4+ (t2g

6eg
0). It is noted 

that due to p-d hybridization between O-2p orbitals and TM-3d orbitals, the features of the PDOS 
for O-2p and TM-3d are essentially identical around fermi level (the overlapping states of TM and 
O). Fig 3(a) and 3(b) prove that as a result of the notable high oxidization of Mn4+, electrons can 
only be lost from Ni2+ and Ni3+, where the states under the fermi level belong to Ni-3d orbitals and 
hybridized O-2p orbitals. Similar analyses could be applied to LixNi0.5Co0.5O2 (x=1, 0.5, 0) in Fig. 
3 (d), (e) and (f) that electrons start to lose from Ni3+ and then Co3+. The unoccupied states around 
fermi level in Fig. 3(d) disappear in Fig. 3(e) after the removal of half of the Li ions, conforming 
to the oxidation change from Ni3+ (t2g

6eg
1) to Ni4+ (t2g

6eg
0). In Fig. 5(e), both Ni4+ (t2g

6eg
0) and Co3+ 

(t2g
6eg

0) have a symmetrical electron occupancy in Li0.5Ni0.5Co0.5O2. The GGA+U computation 
demonstrated that electrons will be lost from the higher red peaks belonging to Co3+ in Fig. 3(e) 
and shift the t2g orbitals upward in energy (Fig. 3(f)).  

It is no accident that Mn and Co have different behaviors in the delithiating process. 
According to the energy levels of potentially active orbitals, Ni3+ and Mn3+ redox involve less 
stable electron configurations in eg orbitals, combined with the fact that redox couple Ni2+/Ni3+ 
and Ni3+/Ni4+ are lower in energy than Mn3+/Mn4+, and all the three redox couples include the 
relatively unstable eg orbital. That indicates Mn3+ is possible to donate electrons to Ni ions 
spontaneously, and thus yields Mn4+ and reducing Ni ions. [6, 62, 63] As a result, Mn keeps in an 
oxidation state of 4+ during the entire process if the concentration of Mn is not higher than Ni in 
the compound (Fig. S4). In contrast, Co does not have similar behavior because the redox couple 
Co3+/Co4+ with a low-spin Co3+ happens in the relatively stable t2g orbital. 

 

3.3 Building NMC811 model system  

Higher-Nickel content in NMC cathode is desired, thus NMC811 is one of the most high-
profile candidates. Based on the energy in Table 1 as well as Gmix and the predicted oxidation 
states in Table2, in this work, P2/c LiNiO2 will serve as a base structure to build the Ni-rich NMC 
cathodes. Since GGA+U has given reasonable agreement with HSE-06 results, it will be used for 
the following studies. To avoid possible discrepancies, Co will be allowed to substitute only Ni2+ 
sites in the following GGA+U calculations. 

To determine a representative NMC811 atomic structure, several attempts have been made 
in this paper. First, a smaller trail Li(Ni0.875Mn0.0625Co0.0625)O2 cell is built in a 2×2×1 P2/c 
supercell with 64 atoms, of which Ni : Mn : Co = 14 : 1 : 1. The expansion along a and b vectors 
creates more possibilities of Mn and Co occupying the existing Ni sites. Here we consider three 
configurations regarding the atomic distance between Co and Mn in the crystal. Each TM-O 
octahedron is surrounded by six nearest neighbor octahedrons, the six nearest neighbor 
octahedrons constitute the so-called first neighbor ring (1NR). Subsequently, the terms second 
neighbor ring (2NR) and third neighbor ring (3NR) refer to the second and third layers of nearest-
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neighbor octahedrons, respectively. Taking the Mn-O octahedron as the center, three 
configurations were created by extending the location of Co from the first ring to the third ring. 
The structures of three distributions and predicted oxidation states of cations are demonstrated in 
Fig. S6. The energy of the three configurations only differs by 0.01 eV/f.u, which is negligible. 
Therefore, the energy is not strongly dependent on Co-Mn distance, i.e. Co-Mn correlation can be 
neglected in a high-Ni NMC oxide. 

To further increase the randomness while sustaining the efficiency of DFT computations, 
a Li(Ni0.75Mn0.125Co0.125)O2 structure (Ni : Mn : Co=24 : 4 : 4) with 128 atoms is built by expanding 
P2/c unit cell to a 2×2×2 supercell (Fig. S5a). The configurations of layer 1 and layer 2 along the 
layer stacking direction are designed differently to increase randomness. The energy comparison 
of the three configurations in Fig. S6 shows that the effect of Co and Mn distribution is negligible 
(energy difference smaller than 0.01eV/f.u.). Therefore, the configurations of layer 1 and layer 2 
are arbitrarily assigned. 

In comparison to this manually-built random 2×2×2 structure, the widely used special 
quasi-random structures (SQS) method is also applied to find another random 
Li(Ni0.75Mn0.125Co0.125)O2 with the same stoichiometry and number of atoms but different 
configurations.  Here we apply the Monte Carlo Special Quasi random Structure (MCSQS)[64] 
algorithm designed by Van de Walle et al. as part of the alloy theoretic automated toolkit (ATAT) 
to identify another random structure. When calculating the target correlations, the empty clusters 
are ignored and the cutoffs for the pairs and triplets are specified as 2.9Å and 5Å, respectively. 
The cutoffs are determined by the nearest and second nearest site distances. For the ternary random 
structure, the maximum correlation mismatch is smaller than 0.05. The MCSQS produced 222 
structure is displayed in Fig. S5b, which has an energy of 0.08 eV/f.u. higher than the manually 
built 222 structure shown in Fig S5a. This minor difference further supports our conclusion that 
the energetic dependence on Co and Mn distribution is not strong in high Ni-NMC.  Among the 
221, 222, and SQS structures, the manually-built P2/c-based Li(Ni0.75Mn0.125 Co0.125)O2, i.e. 222, 
is the most stable one and is hereby chosen as the representative NMC811 structure.  

 

3.4 Redox properties of the NMC811 model system  

The Open-circuit voltage (OCV) of the representative NMC811 is computed with DFT and 
compared with experiments. The OCV is the chemical potential difference between the cathode 
and anode. In a case of redox reaction Lix1MO2 + (x2-x1) Li → Lix2MO2, where TM could be the 
transition metal ions Ni, Mn, and Co or the binary and ternary combinations of them. The OCV is 
therefore calculated as [56, 57, 65]  

𝑂𝑂𝑂𝑂𝑂𝑂 = −𝐸𝐸�𝐿𝐿𝐿𝐿𝑥𝑥2𝑀𝑀𝑂𝑂2�−𝐸𝐸�𝐿𝐿𝐿𝐿𝑥𝑥1𝑀𝑀𝑂𝑂2�−(𝑥𝑥2−𝑥𝑥1)𝐸𝐸[𝐿𝐿𝐿𝐿]

(𝑥𝑥2−𝑥𝑥1)𝑒𝑒
        (2)  

where E is the DFT-calculated total energy and e is the electron charge. Here, the voltages are 
considered in two composition ranges [x2, x1] = [1, 0.5] and [x2, x1] = [0.5, 0]. The half-delithiated 
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structures were built by the removal of the appropriate number of Li atoms from the fully-lithiated 
counterparts. 

Table 4. Open-circuit voltage (OCV) of the batteries with different cathodes. 

 Without vdW-correction With vdW-correction 

 [x2, x1] = 
[1, 0.5] 

[x2, x1] = 
[0.5, 0] Average [x2, x1] = 

[1, 0.5] 
[x2, x1] = 
[0.5, 0] Average 

LiNiO2 3.87 3.99 3.93 3.84 3.96 3.90 

LiNi0.5Mn0.5O2 3.96 4.23 4.10 3.93 4.17 4.05 

LiNi0.5Co0.5O2 3.54 4.15 3.85 3.62 4.14 3.88 

Li(Ni0.75Mn0.125 Co0.125)O2 3.88 4.03 3.96 3.86 3.98 3.92 
 

 

Fig 4. PDOS of NMC811 (LixNi0.75Mn0.125Co0.125O2). Shades of blue indicate Ni, gray indicates Mn, and shades of 
red indicate Co. The meanings of symbols and colors are the same as in Fig 2 and 3. PDOS of (a) x=1 (fully-lithiated), 
(b) x=0.5 (c) x=0.25, and (d) x=0 (fully-delithiated) NMC811. 

 

Table 4 listed the OCV of this NMC811 structure along with the pure phase LiNiO2 and 
the binary LiNi0.5Mn0.5O2 and LiNi0.5Co0.5O2. Both with and without vdW-corrections were 
considered in the DFT computation. The average computed intercalation voltage of LiNiO2, which 
is 3.93 V (without vdW-correction) or 3.90V (with vdW-correction), is in good agreement with 
experiment [66] (Fig. S7a), but is higher than the 3.3 V predicted by Y. Koyama et. al.[14], who 
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employed LDA and GGA approaches. On the other hand, our computed average intercalation 
voltage of Li(Ni0.75Mn0.125Co0.125)O2, which is 3.96 V (without vdW-correction) or 3.92V (with 
vdW-correction), is in good agreement with experiment [67, 68] (Fig. S7b).  

Another comparison to the experiment can be made is the characteristic anisotropic 
response in the in-plane and out-plane lattice parameters as a function of lithium concentration in 
LiNiO2 and NMC811 [18, 40, 69-71]. During delithiation, lattice parameters a and b decrease (Fig. 
S9a) while the c-axis first expanse in the early stage of delithiation and rapid shrink, characterized 
as the H2–H3 phase transformation with further Li-extraction (Fig. S9b), which agrees well with 
experiments [40, 72]. The evolution of the volume and lattice parameters can be well described 
when vdW-corrections are considered as shown in Fig S9. However, the calculated electronic 
properties with and without vdW-corrections are similar (Fig. S10 and S11). 

To capture the changes in the electronic properties and oxidation states and verify the redox 
sequence, a delithiating process of the fully-lithiated oxide Li(Ni0.75Mn0.125Co0.125)O2 is considered, 
where the initial oxidation states are 2+/3+/4+, 4+, and 3+ for Ni, Mn, and Co, respectively, as 
shown in Fig. 4(a). During delithiation, the electronic characteristics and oxidation states of 
transition metal ions are going to change correspondingly. As indicated by the PDOS plots in Fig. 
4, the oxidation starts from Ni2+ becoming Ni3+, and followed by Ni3+ to Ni4+. Co3+ starts to oxidize 
to Co4+ after some Ni2+ and Ni3+ already become Ni3+ and Ni4+. If further charging the battery, all 
the Ni and Co eventually become 4+. Mn stays in oxidation state 4+ since the concentration of Mn 
is lower than Ni in the compound. The magnetic moments for transition metals during delithiation 
is shown in Fig. S8. Again, the PDOS only plots a single ion of each kind, since all the ions of the 
same kind share similar electronic characteristics, as stated in section 3.1. 

To obtain a more general understanding of the oxidation sequence of each TM ion in the 
Ni-rich NMC materials, we derived the equations that could capture evolutions of the average 
valence of Ni and Co during the delithiation by observing the trend of the changing in oxidation 
state of Ni and Co in the experiment and DFT calculations.  In general, the high-Ni NMC 
compound could be written in a formula LixNiyMn𝑧𝑧Co1−𝑦𝑦−𝑧𝑧O2. Consider the case that 𝑦𝑦 > 0.5 
and 𝑦𝑦 > 2𝑧𝑧, the Mn will be 4+ and the ratio of each Ni and Co ion with different oxidation states 
is noted as 𝑁𝑁𝑁𝑁𝑁𝑁𝑛𝑛+ and 𝑁𝑁𝐶𝐶𝐶𝐶𝑛𝑛+, respectively. Their relationship with x,y, and z are listed in Table 5. For 
example, when x=1, all Co are 3+ and 𝑁𝑁𝐶𝐶𝐶𝐶3+=1-y-z, the number ratio of Ni2+, 3+, 4+ is 𝑦𝑦

2
  , z, and 

 𝑦𝑦
2
− 𝑧𝑧, respectively. In the first stage of delithiation, Ni2+ oxidized to Ni3+ first, so 𝑁𝑁𝑁𝑁𝑁𝑁2+ decreases 

and 𝑁𝑁𝑁𝑁𝑁𝑁3+ increases with (1-x), where (1-x) is the amount of removed Li; while other species remain 
the same. Ni3+ and Co3+ start loss electrons after all Ni2+ became Ni3, which starts at 𝑥𝑥𝑐𝑐 = 1 − 𝑦𝑦

2
. 

The average oxidation states of Ni and Co can be computed according to 𝑁𝑁𝑁𝑁𝑁𝑁𝑛𝑛+ and 𝑁𝑁𝐶𝐶𝐶𝐶𝑛𝑛+.  

The equations in Table 5 also predicted the evolution of average oxidation states, which 
can be further applied to experimental NMC ratios and experimental measurements. Fig 5 (a) 
showed the predicted average oxidation states compared well with DFT predictions 
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LiNi0.75Mn0.125Co0.125O2 and experiment measurements LiNi0.8Mn0.1Co0.1O2 [72]. Fig 5 (b) 
shows the predicted NMC622 oxidation state change compared well with the experiment 
measurements[17].  Moreover, a trial of using these equations to predict NMC811, also agreed 
well with a new DFT calculation and experiment measurements[72] on a random 
LiNi0.8Mn0.1Co0.1O2 structure built by MCSQS code (Fig 5c). Despite the local oxidation state 
being more complex, the average oxidation states obtained from the above two assumptions still 
give good predictions to Ni-rich NMC with different TM ratios of both experiment measurements 
(Fig. 5) and DFT calculation results (Fig. 5a and 5c).  

Some discrepancies will be anticipated. For example, we did not consider oxygen-redox, 
which may be more important in Li-excess NMC cathode. [29] Our model predicts increasing Ni2+ 
with increasing Ni-content in high-Ni NMC, which also agrees with experimental observations 
that Ni/Li exchange happens even more frequently with increasing Ni2+. [4]  While most 
experiments were performed in polycrystalline samples, recent synthesis with single crystalline 
high-Ni NMC may provide more opportunities for direct modeling and experiment comparison. 
[73] Based on the success of the general relationship of tracking the average valence changing of 
transition metals in experimental cases of NMC622 and NMC811, these equations are allowed to 
be applied to any other high-Ni NMC structure. 
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Fig 5. Transition metals (TM) average valence of (a) representative NMC811 (LiNi0.75Mn0.125Co0.125O2) built manually 
and experiment (West et. al.)[72], (b) NMC622 from the experiment (Tallman et. al.) [17], and (c) NMC811 
(LiNi0.8Mn0.1Co0.1O2) built by MCSQS code and experiment (West et. al.) [72]. Black, red, and blue indicate Ni, Mn, 
and Co, respectively. Spheres and squares represent DFT results and experiment measurements, respectively, while 
dash lines represent the value predicted by equations listed in Table 5.  
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Table 5. TM oxidation state evolution in Li𝑥𝑥Ni𝑦𝑦Mn𝑧𝑧Co1−𝑦𝑦−𝑧𝑧O2. (with 𝑦𝑦 > 0.5 and 𝑦𝑦 > 2𝑧𝑧).  
𝑥𝑥  Ni Co 

𝑥𝑥𝑐𝑐 ~  1  Individual 
charges  

𝑁𝑁𝑁𝑁𝑁𝑁𝑛𝑛+:

⎩
⎪
⎨

⎪
⎧𝑛𝑛 = 2:    𝑥𝑥 +

𝑦𝑦
2
− 1     

𝑛𝑛 = 3:    − 𝑥𝑥 + 𝑧𝑧 + 1
𝑛𝑛 = 4:    

𝑦𝑦
2
− 𝑧𝑧            

 

𝑁𝑁𝐶𝐶𝐶𝐶𝑛𝑛+: �𝑛𝑛 = 3:    1 − 𝑦𝑦 − 𝑧𝑧
𝑛𝑛 = 4:    0                

 Average 
charge  𝑄𝑄𝑁𝑁𝑁𝑁

𝐴𝐴𝐴𝐴𝐴𝐴 = 3 +
1 − 𝑥𝑥 − 𝑧𝑧

𝑦𝑦
 𝑄𝑄𝐶𝐶𝐶𝐶

𝐴𝐴𝐴𝐴𝐴𝐴 = 3 

𝑥𝑥𝑐𝑐 = 1 −
𝑦𝑦
2

 

0 ~ 𝑥𝑥𝑐𝑐 Individual 
charges  

𝑁𝑁𝑁𝑁𝑁𝑁𝑛𝑛+:

⎩
⎪
⎨

⎪
⎧
𝑛𝑛 = 2:    0                         

𝑛𝑛 = 3:   
2𝑧𝑧 + 𝑦𝑦
2 − 𝑦𝑦

∙ 𝑥𝑥         

𝑛𝑛 = 4:    𝑦𝑦 −
2𝑧𝑧 + 𝑦𝑦
2 − 𝑦𝑦

∙ 𝑥𝑥

 𝑁𝑁𝐶𝐶𝐶𝐶𝑛𝑛+:

⎩
⎨

⎧𝑛𝑛 = 3:    (1 − 𝑦𝑦 − 𝑧𝑧) ∙
2𝑥𝑥

2 − 𝑦𝑦
            

𝑛𝑛 = 4:    (1 − 𝑦𝑦 − 𝑧𝑧) ∙ (1 −
2𝑥𝑥

2 − 𝑦𝑦
)
 

 Average 
charge  𝑄𝑄𝑁𝑁𝑁𝑁

𝐴𝐴𝐴𝐴𝐴𝐴 = 4 −
2𝑧𝑧 + 𝑦𝑦
𝑦𝑦(2 − 𝑦𝑦)

𝑥𝑥 𝑄𝑄𝐶𝐶𝐶𝐶
𝐴𝐴𝐴𝐴𝐴𝐴 = 4 −

2𝑥𝑥
2 − 𝑦𝑦

 

 

4. Conclusions 
It is challenging to understand the electronic structures changing in Ni-rich NMC oxides 

due to the fact that DFT could only barely capture the correct d-orbital ranking in a multi-
component system as well as the questionable parent structure of Ni-rich NMC. In this paper, we 
provide a systematic way to construct the represented structure and thus allow an in-depth 
investigation into the electronic structures of this promising cathode material. 

To systematically investigate the electronic structures of Ni-rich NMC cathode materials, 
DFT calculations are applied in this work. We first identify the base structure of pure LiNiO2. DFT 
calculations are performed based on four different space groups, namely R3m, C2/m, P21/c, and 
P2/c. It is found that the calculated band structures of the widely applied R3m is metallic regardless 
of the method, contrary to the experimentally reported semiconductor behavior, while P2/c, which 
allows for disproportionation of the oxidation state of Ni, is the most energetically stable and 
semiconducting structure of LiNiO2 and thus could serve as a parent structure of its directly related 
compounds. 

Model structures representing Ni-rich NMC are built by partially replacing Ni with Co or 
Mn in the P2/c base. Once replaced, the oxidation state of all Mn ions becomes 4+, while Co ions 
still maintain 3+, and part of the Ni ions become 3+ to compensate for the charge. The electronic 
structures of representative NMC811 confirm that, during delithiation, Ni2+ will lose electrons first, 
followed by Ni3+, and Co3+ is the last ion that starts losing electrons. Mn4+ remains 
electrochemically inactive throughout the whole process. With these two simple assumptions, we 
derived a general relationship that could theoretically predict the average oxidation states of each 
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transition metal as a function of Lithium content. This prediction has been validated by at least 
two NMC compositions, suggesting it can be expanded for other high Ni-NMC compositions. 
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