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ABSTRACT: In this work, non-monotonic lattice parameter changes and phase transitions in LixNi0.8Co0.1Mn0.1O2 (LixNCM811) 
during delihtiation are studied by combining an extensive set of electrostatic and density functional theory (DFT) calculations. 
For the first time, we simulated and explained the reason behind the experimentally-observed hexagonal to monoclinic (H−M) 
phase transition at x = 0.50 as well as O3 → O1 phase transition at x = 0.00 in this system. By analyzing atomic and electronic 
structures of ions at each layer it is shown that the H−M phase transition is driven by the Jahn-Teller (J−T) distortion effect. 
Moreover, it was found that the O3 → O1 phase transition is driven by electrostatic forces. This study also shows that the 
oxidation of Ni cations as well as their nature of bonds with O are not similar at different Ni/Ni, Ni/Co and Ni/Mn layers. We 
also found that the significant decrease in the c lattice parameter for low values of x is due to the disappearance of J−T 
distortions as well as large covalent O−Ni bonds and oxidation of O, and more importantly sliding of O−TM−O layers with 
respect to each other.  
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Introduction  

There is an urgent need to design cathode materials with high 
energy densities, low costs, and long calendar life for Li-ion 
batteries (LIBs) in electric vehicles. The well-known LiCoO2 
(LCO) cathodes are unsuitable to meet the aforementioned 
requirements due to their low energy densities, high cost of Co, 
and poor structural and thermal stability. The first drawback is 
related to the low operating voltage (~4.3 V) as well as specific 
capacity.1,2 The reason of the constrained voltage is a structural 
instability (i.e., severe phase transition) induced by extraction 
of more than half Li contents during charging.3-5 The O3 → O1 
phase transitions at low Li contents decrease the Li diffusivity 
leading to the capacity fading upon cycling.6 In recent years, a 
large number of layered cathode materials in which Co was 
replaced by other active transition metals (TMs) has been 
investigated.7-10 Substitution of Co by Ni and Mn cations to form 
LiNixCoyMn1-x-yO2 (NCMxy1-x-y) materials is one of the most 
interesting and practical approach to improve the capacity as 
well as energy density of cathodes. Moreover, Ni and Mn are 
cheaper than Co reducing the overall price of LIBs. NCM 
cathodes with high Ni contents are expected to increase the 
capacity of LIBs due to the fact that more Li ions can be 

extracted from LiNiO2 (LNO) in comparison to LCO when 
charging at the same voltage.3 Thus, Ni-rich NCM materials are 
highly interesting for electric vehicles. For this reason, for 
example, NCM811 has been widely studied.11-13 The 
substitution of Ni by Mn cations reduces the number of Ni4+ 
upon charging and therefore the chemical reaction between the 
surface of cathode with electrolyte can be suppressed.3,14 
Although Co cation can stabilize the atomic structures of NCM, 
the influence on thermal stability for NCM cathodes is smaller 
than the Mn cation. Nevertheless, the small amount of Co and 
Mn cations compared to the Ni content in Ni-rich NCM can 
hardly prevent phase transitions and lattice parameters 
change leading to a poor cycle life of these cathodes during 
charging/discharging.  
    The structural instability of NCM cathodes originates mainly 
from a large anisotropic lattice-parameters change in the half 
delithiated state as well as the O3 → O1 phase transition at high 
delithiation level. Upon delithiation (charging), the lattice 
parameters a and b of LixNCM811 shrink for 1.00 > x > 0.25,15-

17 and then they slightly expand for 0.25 > x.18 Whereas the 
lattice parameter c initially increases for 1.00 > x > 0.50, and 
then it decreases for 0.25 > x.12,19,20 The phase transitions in Ni-
rich NCM cathodes have been reported to be similar to those of 
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LNO which undergoes hexagonal to monoclinic (H1 → M), 
monoclinic to hexagonal (M → H2), and hexagonal to hexagonal 
(H2 → H3) transitions with delithitation.21, 22 Due to the 
hexagonal structure with Li and TM cations occupying in 
octahedral sites as well as oxygen layers stacked in an (ABC)n 
sequence, the phase is also labelled as O3.23 However, the fully-
delithiated structure in which the oxygen layer stacking 
changes to an (AB)n sequence is labelled as O1 phase.23 
Moreover, an intermediate phase (so-called H1-3) with 
alternating layers of O3 and O1 phases at low lithium contents 
has been proposed as well3,23. 
          In this work, we used electrostatic analysis and density 
functional theory (DFT) calculation to compute lattice 
parameters change as well as atomic and electronic structures 
for NCM811. In particular, we simulated the hexagonal to 
monoclinic (hereafter called H → M) phase transition at x = 
0.50, which has been reported by experimentalists for Ni-rich 
cathodes15,16,34 but not simulated so far. In addition, we 
explained a possible reason for the O3 → O1 phase transition at 
low Li contents.  
Methods 

Spin-polarized DFT calculations were performed with the 
Projector Augmented-Wave (PAW)35 pseudopotential method 
implemented in the Vienna Ab initio Simulation Package 
(VASP) code.36 The SCAN (strongly constrained and 
appropriately normed) functional 31 was employed to 
approximate the exchange-correlation (XC) energy for all DFT 
calculations on atomic and electronic structures, while the PBE 
functional28 was applied to explore the most favorable i) Li 
arrangements that were predetermined by total Coulomb-
energy calculations as well as ii) TM arrangements. Total 
Coulomb-energy (EC) calculations on various possible 
combinations were carried out using the supercell code.37 The 
LixNi0.8Co0.1Mn0.1O2 (LixNCM811) bulk with a space group of 
R 3� m was modelled using 2×2×1 (e.g., fully lithiated case: 
Li12Ni10Co1Mn1O24) and 4×4×1 (e.g., fully lithiated case: 
Li48Ni40Co4Mn4O96) supercells. The former was used to 
calculate EC for x = 0.75, x = 0.50, and x = 0.25, while the latter 
was considered for calculating EC for x = 0.125 and to perform 
all DFT calculations for 1.00 ≥ x ≥ 0.00. To calculate EC, all 
possible arrangements of 9Li ions in 12Li sites for 
Li0.75NCM811 and 3Li ions in 12Li sites for Li0.25NCM811, 
namely 12!

9!3!
= 220  configurations, were considered. For both 

Li0.50NCM811 and Li0.125NCM811, we also considered all 
possible combinations, namely: 12!

6!6!
= 924 and 48!

6!42!
=

12271516 , respectively. According to our recent study on 

NCM111,33 EC calculations with an average charge value for 
TMs and formal charge states for Li and O give reasonable Li 
arrangements. Thus, we used charge states of 3.25+, 3.50+, 
3.75+, and 3.875+ for each TM cation at x = 0.75, x = 0.50, x = 
0.25, and x = 0.125, respectively. For all Li concentrations, the 
charge value of 1 +  for Li ions and 2−  for O anions were 
considered. DFT calculations on atomic structures and lattice 
parameters were carried out using a Gamma-centred 2×2×1 k-
point mesh and an energy cutoff of 500 eV as well as an energy 
and force convergence criterion of 10-4 eV and 10-3 eVÅ-1, 
respectively. Atomic positions and unitcell optimization were 
performed without applying any constraint. Density of states 
(DOS), spin density difference (SDD), Bader charges (BCs), and 
magnetizations were calculated using a Gamma-centred 4×4×1 
k-point mesh with an electronic and force convergence 
criterion of 10-6 eV and 10-5 eVÅ-1, respectively. Atomic 
structures and SDD were visualized with the VESTA program.38 
Results and Discussion 

To find the most favorable arrangement of TMs, we performed 
an extensive number of DFT-PBE calculations. A total number 
of 71 configurations in which Mn and Co cations at three 
O−TM−O layers with various neighbors and stacking were 
located was considered. In the lowest-energy structure (see 
Fig. S1), Co and Mn prefer occupying different layers where Ni 
cations are their nearest neighbors, i.e., clustering of Mn or Co 
is not favorable. Note that every third O−TM−O layer contains 
only Ni cations. The determined structure is similar to that 
reported by the DFT-PBE+U study of Lim et al.39 Hereafter, the 
Ni layer without any Co and Mn is called Ni/Ni layer, while the 
layers with Ni and Co or Ni and Mn cations are called Ni/Co or 
Ni/Mn layers, respectively.  

    With the determined structure of Li1.00NCM811, we then 
performed EC calculation to explore the most favorable 
arrangement of Li ions in Li sites for various Li concentrations 
x in LixNCM811. Computed EC values of the 50 topmost 
favorable configurations as well as DFT-PBE-calculated total 
energies (Etot) of 10 configurations with the lowest Ec are 
illustrated in Fig. S2 (a). It is found that the most favorable 
structures of x = 0.75 and x = 0.25 possess well-ordered 
hexagonal arrangements of Li ions at each layer. However, for 
x = 0.50 and x = 0.125, the Li ions arrange with a rectangular 
symmetry at each Li layer (Fig. S2 (b)).  
 

    Calculated lattice parameters with DFT-SCAN are illustrated 
in Fig. 1. The DFT-SCAN results show that a value shrinks for 

Figure 1. Referenced variation of lattice parameters and unit cell volume with DFT-SCAN functional. Experimental results by 
Kondrakov et al.19 are included for comparison. 
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1.00 > x > 0.25, and then expands for 0.25 > x. However, b 
decreases for 1.00 > x > 0.75, and then it increases for 0.75 > x 
> 0.50, and finally it shows a similar variation to a. The 
deviation between a and b at x = 0.50 is the indication of the H 
→ M phase transition. As will be discussed later in this article, 
this behavior at x = 0.50 is purely governed by the J−T 
distortion. Figure 1 indicates that the lattice parameter c 
increases for 1.00 > x > 0.50, and then it decreases for 0.50 > x. 
Size of c decreases strongly for 0.25 > x. Moreover, we find that 
the volume always shrinks during delithiation, i.e., x = 1.00 → x 
= 0.125. The absolute values of a, c, and V calculated by the 
SCAN functional are in fair agreement with the experimental 
results. For example, by using the DFT-SCAN functional, ∆V/V0 
is estimated to decrease by −6.97 % for x = 1.00 → x = 0.25 
which is very close to the measurement by Kondrakov et al.19 
showing the value changes of −7.02 %. Moreover, the SCAN 
functional predicts reasonably the magnetization. The better 
performance of SCAN to predict atomic and electronic 
structures compared to PBE and PBE+U has also been reported 
for LCO,32 LNO,32 LMO,32 and NCM111.33 

    The lattice parameter a of NCM811 experiences a larger 
maximum contraction (3.17 %) than that of NCM111 (1.36 %) 
when Li concentration decreases. Moreover, the expansion of a 
for NCM811 (0.99 %) is larger than that for NCM111 (0.95 %) 
at low Li concentrations, namely 0.25 > x and 0.33 > x, 
respectively. This is because larger number of Co cations per 
layer is oxidized in NCM811 than NCM111 causing a stronger 
electrostatic repulsion between Co and other cations in the 
former case. The initial contraction of c for x = 0.50 → 0.25 in 
NCM811 (∆c = −2.13 %) is 0.77 % larger than that for x = 0.50 
→ 0.33 in NCM111.  However, the contraction of c is 0.24 % 
smaller in NCM811 (∆c = −8.66 %) than NCM111 at lower Li 
contents.33 

    To understand the variation of lattice parameters with 
delithiation, we computed spin density difference (SDD), 
number of unpaired spins (NUS), Bader charges (BCs), and 
density of state (DOS) (Fig. 2 and Figs S3-S6) followed by 
computed average projected O−TM−O intralayer (d1) and 
O−TM−O interlayer (d2) distances (Fig. 4). 

     Li1.00NCM811 (Fig. 2 and Tab. S1 in SI)  
Ni/Ni layer The computed averaged absolute value of NUS, 
| NUS������ | = 0.90, for 16Ni indicates the charge states of 16Ni 
cations to be 3+. The DOS plot shows three up- and down-spin 
peaks of 𝑡𝑡2𝑔𝑔 (Ni) indicating paired electrons occupying 𝑑𝑑𝑥𝑥𝑥𝑥 , 
𝑑𝑑𝑦𝑦𝑦𝑦 , and 𝑑𝑑𝑥𝑥𝑥𝑥  orbitals of Ni cations. In addition, up-spin SDD 
features (in yellow) on Ni and a single up-spin peak at −1.12 eV 
≤ 𝜀𝜀 − 𝜀𝜀𝐹𝐹  ≤ − 0.07 eV in DOS plot indicate most likely an 
unpaired electron in the 𝑑𝑑𝑧𝑧2 orbital of Ni cations. A similar 
occupation of 𝑑𝑑𝑧𝑧2 orbitals of Ni3+ has also been proposed by 
Radin et al.3 for Ni-based cathodes. The DOS plot demonstrates 
that the 𝑒𝑒𝑔𝑔 states of Ni cations are close to the fermi level and, 
therefore, electrons can be easily removed from these states 
with a further delithiation. The charge states of cations can also 
be understood by analyzing the TM−O bond lengths. The 
average axial and equatorial Ni−O bond lengths of 𝑑̅𝑑axialNi = 2.17 
Å and 𝑑̅𝑑equatorialNi  = 1.91 Å, respectively, at the Ni/Ni layer 
demonstrate the Jahn-Teller (J−T) distortion which we define 
it as 𝑑̅𝑑axialNi /𝑑̅𝑑equatorialNi  = 1.14.  

Ni/Co layer The value of |NUS������|  = 0.93 is estimated for 12Ni 
cations indicating formation of 12Ni3+. The DOS plot also shows 
the occupation of 𝑒𝑒𝑔𝑔 (Ni) close to the 𝜀𝜀𝐹𝐹 . However, the J−T 
distortion in Ni3+−O octahedra is suppressed due to the 
substitution of 4Ni by 4Co since the computed 𝑑̅𝑑axial/𝑑̅𝑑equatorial 
(= 1.07) for 12Ni cations at this layer is smaller than that in the 
Ni/Ni layer. A small distortion of 𝑑̅𝑑axial/𝑑̅𝑑equatorial  = 1.03 for 
Co3+−O octahedra is probably induced by the J−T distortion of 
12Ni3+−O octahedra. The calculated |NUS������| value of 0.07 as well 
as more down-spin than up-spin states (according to DOS and 
SDD plots) indicate the charge states of Co cations are slightly 
lower than 3+ (i.e., a partial occupation of 𝑒𝑒𝑔𝑔 states). The DOS 
plot in Fig. 2 (f) illustrates three large up- and down-spin peaks 
below the Fermi level confirming occupation of 𝑡𝑡2𝑔𝑔 (Co) 
orbitals (𝑑𝑑𝑥𝑥𝑥𝑥 , 𝑑𝑑𝑦𝑦𝑦𝑦 , and 𝑑𝑑𝑥𝑥𝑥𝑥) of Co cations with (almost) paired 
electrons. Furthermore, the top part of d states of Co cuts 
through to the fermi level showing their tendency to be 
depleted with delithiation. 

Ni/Mn layer The |NUS������| values of 1.06 and 1.34 are obtained for 
8Ni and 4Ni. This indicates that upon the Mn → Ni substitution, 
8Ni3+ cations undergo a small reduction, while 4Ni cations 
experience relatively larger reductions to 4Ni(3−∆1)+. This can 
also be seen by comparing DOS plots in Figs 2 (d) and 2 (e) 
showing a slightly larger occupied states below the Fermi level 
for 4Ni(3−∆1)+. Therefore, we conclude that only a small fraction 
of Ni cations in NCM811 has a charge state smaller than 3+. It 
has also been reported by Flores et al. that Ni3+ is dominant in 
the fully-lithiated NCM811.40 The BCs analysis for Ni at 
different layers (Fig. 2) does not provide any clear evidence for 
the presence of 4 reduced Ni3+, i.e., Ni(3−∆1)+, at the Ni/Mn layer. 
However, our total Coulomb-energy calculation indicates if a 
4Ni3+ → 4Ni2+ reduction occurs (to keep the overall charge 
neutrality of the system) after a 4Mn4+ → 4Ni3+ substitution, the 
4Ni2+ cations prefer to be at the Ni/Mn layer rather than at the 
other layers. The SDD features on Mn cations are larger than 
those on all types of Ni cations which qualitatively shows a 
charge state of Mn4+. The calculated |NUS������| value of 2.79 for Mn 
confirms this result. The DOS plot also shows two significant 
up-spin peaks and shoulders at −2.71 eV ≤ 𝜀𝜀 − 𝜀𝜀𝐹𝐹  ≤ −0.96 eV as 
well as a small broad up-spin peak at −3.94 eV of 𝑡𝑡2𝑔𝑔(Mn). The 
smaller J−T distortion of 8Ni3+ ( 𝑑̅𝑑axial / 𝑑̅𝑑equatorial  = 1.07) 
compared to 16Ni3+ in the Ni/Ni layer is due to the existence of 
4 J−T inactive Ni(3−∆1)+−O and 4Mn4+−O octahedra. The 
alleviation of J−T distortion of Ni due to the substitution of Ni 
by Co and Mn has also been reported by Kondrakov et al.19 
Calculated |NUS������| values of 1.41, 0.76, 0.06, and 2.67 have been 
reported by Dixit et al.14 for Ni2+, Ni3+, Co3+ and Mn4+ for the 
fully-lithiated NCM811. With their DFT-PBE calculations, they 
found a small contribution of Ni4+ with |NUS������| of 0.10 at full 
lithiated state which is not observed in our work. This might be 
due to the different computational parameters, supercell size, 
and, more importantly, the type of XC functional. The blue 
features of SDD on O anions (e.g., O78) close to Mn are smaller 
(due to a partial up-spin electron transfer to O78) than those 
(e.g., O6) close to Ni in the Ni/Ni layer. This might show that O 
anions in the Ni/Mn layer are slightly more reduced, which can 
also be confirmed from BCs (Fig. 2 (l)). This is in line with DFT-
PBE calculation by Dixit et al.14 reporting that with an increase 
of Ni content with respect to Mn (NCM424 vs NCM811) more 
oxidation occurs on O anions. Furthermore, we found that 
there is scatter in the NUS and Bader charge values of Ni and O 
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at the Ni/Mn layer. This is probably due to the existence of Mn4+ 
cations and their interaction with other ions at this layer. For 
example, for x = 1.00, only Ni3+ cations exist in the Ni/Ni and 
Ni/Co layers, but 4Ni cations at the Ni/Mn layer have charge 
states close to 2+ and the rest Ni cations possess a charge state 
of 3+. 

    Li0.75NCM811 (Fig. S3, and Tab. S2 in SI)  
Ni/Ni layer When 25 % of the Li content is removed from 
Li1.00NCM811, we found changes in |NUS������| values of 0.90 → 
0.45 for 4Ni, 0.90 → 0.53 for 4Ni, and 0.90 → 0.88 for 8Ni which 
may show a 8Ni3+ → 8Ni3.5+ oxidation for x = 1.00 → x = 0.75. As 
will be discussed in the following, SDD, DOS, and BCs confirm 
oxidation of these Ni cations, but they do not provide any 

quantitative result for the amount of increase in the charge 
states of Ni cations: i) the SDD features on the 8Ni cations are 
smaller than those in the case of x = 1.00; ii) the DOS plot 
indicates that part of the 𝑒𝑒𝑔𝑔 peak at −1.12 eV ≤ 𝜀𝜀 − 𝜀𝜀𝐹𝐹  ≤ −0.07 
eV in Li1.00NCM811 is located above the Fermi level in 
Li0.75NCM811; and iii) increases in the averaged Bader charge 
(BC����) of the aforementioned Ni cations (with respect to those in 
Li1.00NCM811) is calculated to be 0.14 |e|, 0.05 |e|, and 0.06 
|e|, respectively. However, our total Coulomb-energy 
calculations indicate that the 4Ni3+ → 4Ni4+ oxidation is more 
favorable than 8Ni3+ → 8Ni3.5+ at the Ni/Ni layer. In addition, 
the calculated 𝑑̅𝑑axial/𝑑̅𝑑equatorial is 1.00, 1.05, and 1.08 for those 
Ni cations with the BC���� changes of 0.14 |e|, 0.05 |e|, and 0.06 |e|, 
respectively. We, therefore, propose that 8Ni cations undergo 

 t2g(Mn2)
 eg(Mn2)
 p(O78)
 p(O74)

-6 -3 0 3 6
-3
-2
-1
0
1
2
3

D
O

S

E-Ef (eV)

 t2g(Ni6)
 eg(Ni6)
 p(O10)
 p(O14)

-3
-2
-1
0
1
2
3

D
O

S

 t2g(Ni29)
 eg(Ni29)
 p(O78)

-6 -3 0 3 6

 t2g(Ni36)
 eg(Ni36)
 p(O74)
 p(O72)

E-Ef (eV)
-6 -3 0 3 6

 t2g(Ni12)
 eg(Ni12)
 p(O48)
 p(O59)

E-Ef (eV)

-3
-2
-1
0
1
2
3

D
O

S

 t2g(Ni14)
 eg(Ni14)
 p(O6)
 p(O10)

 t2g(Co4)
 eg(Co4)
 p(O51)
 p(O48)

|NUS| = 0.90 |NUS| = 0.96 

(e) (f) (g) 

(j) (h) (i) 

(k) (l) (m) 

(a) (b) (c) 

O6 

O10 
O14 

Ni6 

Co4 O51 

O48 
O59 Ni12 

Mn2 

Ni36 

Ni29 
O78 

O74 
O72 

(d) 
Li1.00NCM811 

|NUS| = 0.90 |NUS| = 0.07 |NUS| = 2.80 

|NUS| = 1.34 

Figure 2. (a-c) Spin density difference (SDD), (d-j) Density of states (DOS) with local number of unpaired spin (NUS) on Ni, Co, 
and Mn cations, respectively, as well as their bond lengths with O and proposed electronic configurations, (k-l) Bader charges 
of Ni and O, and (m) NUS of O anions for Li1.00NCM811. The yellow and blue features in SDD plots represent up- and down-spin 
electrons. A SDD isosurface of 0.004 eV/A3 was used for all structures. The atom numbers of Ni, Co, Mn, and O in SDD and DOS plots 
are the same as those in NUS and Bader charge analysis. 
 

|NUS| = 1.02 

Ni14 

0 20 40 60 80 100

6.76

6.8

6.84

6.88
Ni/Ni layer Ni/Mn layerNi/Co layer

B
ad

er
 c

ha
rg

e 
(e

- )

O number 
0 10 20 30 40 50

8.72

8.74

8.76

8.78
Ni/Co layerNi/Ni layer Ni/Mn layer

Ni number

B
ad

er
 c

ha
rg

e 
(e

- )

0 20 40 60 80 100

0

0.04

0.08

0.12

0.16

O number

N
U

S
Ni/Ni layer Ni/Co layer Ni/Mn layer



 

 

5 

oxidation but 4 of them are oxidized to higher extent (i.e., 4Ni3+ 
→ 4Ni(4-∆2)+, and 4Ni3+ → 4Ni(4-∆3)+ where ∆2 < ∆3). 

Ni/Co layer A decrease of |NUS������| of 0.93 → 0.07 for 4Ni cations 
(out of 12) and an increase of 0.09 |e| in their BC���� for x = 1.00 → 
x = 0.75 show their oxidation from 4Ni3+ to 4Ni4+. A large 
decrease of up-spin features on these 4Ni can also be seen in 
the SDD plot. The calculated 𝑑̅𝑑axial/𝑑̅𝑑equatorial for these 4Ni4+ is 
1.06 and not 1. This is most likely due to the fact that the 4Ni4+ 
cations are located directly between Co cations (see Fig. S7 in 
SI). In this case, Ni4+ cations cannot pull axial O48 and O48’ 
anions from Co3+ away. This is because Co−O bonds have been 
reported to be stronger than that of Ni−O bonds.41-43 The other 
8Ni cations show |NUS������| changes of 0.93 → 0.94 and a small 
increase of BC���� of 0.04 |e| for x = 1.00 → x = 0.75 indicating that 
their charge states are preserved to be 3+. Calculated SDD and 
DOS as well as |NUS������| changes of 0.07 → 0.04, BC���� increases of 
0.04 |e|, and 𝑑̅𝑑axial / 𝑑̅𝑑equatorial  = 0.99 show a very small 
oxidation in Co3+ cations.  

Ni/Mn layer The |NUS������|  value of 4Ni(3−∆1)+ cations decreases 
from 1.34 to 0.87 when x = 1.00 → x = 0.75. A shift of eg states 
above the Fermi level in x = 0.75 compared to x = 1.00 in the 
calculated DOS for these 4Ni cations confirm the following 
oxidation: 4Ni(3−∆1)+ → 4Ni3+. However, the BC���� variations do not 
provide any conclusive result on the oxidation of these Ni 
cations. Because of this and due to the smaller decrease in 
|NUS������| of these 4Ni compared to Ni cations at the Ni/Co layer, 
we propose an oxidation smaller than 1 for these 4Ni cations 
for which the J−T distortion is estimated to be 𝑑̅𝑑axial/𝑑̅𝑑equatorial 
= 1.06. The other 8Ni3+ cations show a |NUS������| change of 1.06 → 
0.96 and a BC����  change of 0.02 |e| indicating no significant 
change in their charge states as well. Both Bader charge 
analysis and NUS values show that O anions at the Ni/Mn layer 
are slightly oxidized for x = 1.00 → x = 0.75 (see Fig. S8 in SI).  
Calculated SDD and DOS plots as well as |NUS������| variations of 
2.79 → 2.78, BC����  changes of − 0.03 |e|, and average 
𝑑̅𝑑axial/𝑑̅𝑑equatorial = 1.03 demonstrate only a small reduction for 
Mn cations. 

    Li0.50NCM811 (Fig. S4 and Tab. S3 in SI)  
Ni/Ni layer Upon a further delithiation (x = 0.75 → x = 0.50), 
SDD features on 4Ni(4-∆3)+ cations that have a decrease of 0.53 
→ 0.02 in |NUS������| and an increase of 0.05 |e| → 0.16 |e| in BC���� 
indicate an oxidation of 4Ni(4-∆3)+ → 4Ni4+. The already partially 
oxidized 4Ni(4-∆2)+ cations at x = 0.75 undergo |NUS������| changes of 
0.45 → 0.01 and BC���� changes of 0.14 |e| → 0.17 |e|. This means 
that they are also further oxidized (compared to x = 0.75) and 
become 4Ni4+. The SDD features of the rest 8Ni cations remain 
almost unchanged. A decrease of |NUS������| of 0.88 → 0.82 and BC���� 
changes of 0.06 |e| → 0.07 |e| are obtained for these 8Ni cations 
for x = 0.75 → x = 0.50 indicating that they are still Ni3+. The 
calculated 𝑑̅𝑑axial / 𝑑̅𝑑equatorial  of 1.02 for 8Ni4+ is most likely 
because of the change in Ni−O bond lengths due to the 
neighboring ions and Li vacancies. However, the higher value 
of 1.04  for 𝑑̅𝑑axial/𝑑̅𝑑equatorial in 8Ni3+ is probably due to the local 
J-T effect. A partial hybridization between p(O) and d(Ni4+) 
states at −7.02 eV ≤ 𝜀𝜀 − 𝜀𝜀𝐹𝐹  ≤ −3.84 eV is observed in the DOS 
plots indicating a slight O−Ni4+ covalency behavior. 

Ni/Co layer Larger up-spin features for 8Ni cations in SDD plots 
with |NUS������| changes of 0.94 → 0.57, and an increase of BC���� of 
0.04 |e| → 0.09 |e| for x = 0.75 → x = 0.50 indicates partial 
oxidation of 8Ni3+ → 8Ni(4-∆4)+. Whereas the rest 4Ni cations 
that have been already oxidized to Ni4+ for x = 1.00 → x = 0.75 
also undergo additional small oxidation. This can be concluded 
from |NUS������| changes of 0.07 → 0.01 and an increase in BC���� of 0.09 
|e| → 0.15 |e| when x = 0.75 → x = 0.50. The J−T distortion of 
these 4 fully-oxidized Ni4+ is alleviated for which 
𝑑̅𝑑axial/𝑑̅𝑑equatorial is calculated to be 1.01 (1.06 for x = 0.75). The 
SDD changes on Co cations show partial oxidations of Co 
cations as well. An increase of |NUS������| of 0.04 → 0.43 as well as a 
small shift of up- and down-spin states above the fermi level in 
DOS plots and an oxidation of 0.04 |e| → 0.05 |e| for Co cations 
when x = 0.75 → x = 0.50 confirm their partial oxidation to 
Co(3+ζ1)+. The unexpected partial oxidations of Ni and Co are 
most likely due to the hexagonal-monoclinic (H−M) phase 
transition occurring at x = 0.50. The continuous partial 
oxidation of Co cations has also been reported by Saadoune et 
al.44 and Chebiam et al.45 

Ni/Mn layer The sphere-like up-spin features on Ni cations in 
SDD plots, and |NUS������| changes of 0.87 → 1.59 with BC���� decreases 
of 0.03 |e| → −0.03 |e| indicate reduction of 4Ni3+ → 4Ni2+. The 
|NUS������| changes of 0.96 → 0.02 and BC���� variations of 0.02 |e| → 
0.12 |e| for other 8Ni cations show their oxidation, i.e., 8Ni3+ → 
8Ni4+. The 𝑑̅𝑑axial/𝑑̅𝑑equatorial of 0.96 and 𝑑̅𝑑axial/𝑑̅𝑑equatorial of 1.02 
are obtained for Ni2+ and Ni4+, respectively. Furthermore, our 
total Coulomb-energy analysis indicates that the presence of 
4Ni2+ and 8Ni4+ at the Ni/Mn layer is electrostatically more 
favorable than that of 8Ni3+ and 4Ni4+ at the Ni/Mn layer. The 
DOS plot shows the largest spin splitting for Ni2+ cations and 
smallest for Ni4+ at the Ni/Mn layer. An exchange splitting of Ni 
for NCM523 has also been reported by Dixit et al. with DFT-
PBE+U calculation.25 Fig. S4 (c) shows no significant changes in 
the SDD of Mn cations. However, the increase in |NUS������| of 2.78 
→ 3.07, BC���� of −0.03 |e| → 0.06 |e| on Mn and increase of BCs on 
O (see Fig. S8 in SI) show that Mn and O are slightly oxidized. 

    Li0.25NCM811 (Fig. S5 and Tab. S4 in SI)  
Ni/Ni layer When x = 0.50 → x = 0.25, besides 8Ni4+, further 4 
(out of 8) Ni3+ cations undergo a decrease of |NUS������| of 0.82 → 
0.02 and BC���� increases of 0.07 |e| → 0.16 |e| indicating oxidation 
of 4Ni3+ → 4Ni4+. The J−T distortion is supressed for these Ni 
cations for which 𝑑̅𝑑axial / 𝑑̅𝑑equatorial  is computed to be 1.01. 
However, the rest 4Ni3+ cations preserve their 3+ charges since 
only a small decrease of 0.82 → 0.73 and an increase of 0.07 |e| 
→ 0.10 |e| are calculated for their |NUS������| and BC����, respectively. 
The calculated average 𝑑̅𝑑axial/𝑑̅𝑑equatorial is 1.04 for these 4Ni3+ 
cations. The already oxidized 8Ni4+ cations for x = 0.75 → x = 
0.50, show also a small |NUS������| decrease of 0.02 → 0.01 and a 
small BC���� reduction of 0.16 |e| → 0.15 |e| for x = 0.50 → x = 0.25. 
This indicates a small change in charge states of these Ni 
cations. In addition, a more hybridization of O−Ni4+ states (at 
−5.62 eV ≤ 𝜀𝜀 − 𝜀𝜀𝐹𝐹  ≤ −4.31 eV at x = 0.25) in x = 0.25 compared 
to x = 0.50 is observed showing an increase in the O−Ni 
covalency.  

Ni/Co layer A decrease of | NUS������ | of 0.57 → 0.00 and a BC���� 
variation of 0.09 |e| → 0.14 |e| for 4 out of 8Ni(4-∆4)+ cations 
indicates a full oxidation of these cations, i.e., 4Ni(4-∆4)+ → 4Ni4+, 
when x = 0.50 → x = 0.25. The other 4Ni(4-∆4)+ cations show a 
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|NUS������| decrease of 0.57 → 0.28  and an increase of BC���� of 0.09 |e| 
→ 0.16 |e|. This result indicates a slight oxidation of these 4Ni 
cations to 4Ni(4-∆5)+. In addition, we observe a slightly larger 
SDD on these Ni(4-∆5)+ cations compared to the aforementioned 
4Ni4+ cations meaning that they are further oxidized, but not 
completely. The already oxidized 4Ni4+ cations undergo a |NUS������| 
change of 0.01 → 0.02 and a BC���� variation of 0.15 |e| → 0.13 |e| 
for x = 0.50 → x = 0.25. The decrease of SDD features as well as 
an increase of |NUS������| of 0.43 → 0.46 and BC���� changes of 0.05 |e| 
→ 0.06 |e| indicate further partial oxidation of Co cations for x 
= 0.50 → x = 0.25. Moreover, the DOS plots also demonstrate a 
hybridization of O and Ni at −7.33 eV ≤ 𝜀𝜀 − 𝜀𝜀𝐹𝐹  ≤ −3.78 eV 
confirming partial covalency of O−Ni bonds. 

Ni/Mn layer Shrinking of SDD as well as a |NUS������| decrease of 
1.59 → 0.28 and an increase of BC���� of −0.03 |e| → 0.15 |e| of 
4Ni2+ for x = 0.50 → x = 0.25 indicate their oxidation from 4Ni2+ 
to 4Ni(4-∆6)+. However, an increase of down-spin SDD features 
for other 8Ni4+ as well as an oxidation of 0.12 |e| → 0.14 |e| in 
BC���� for x = 0.50 → x = 0.25 showing that the 8Ni cations are 
partial oxidized. However, an increase of |NUS������| of 0.02 → 0.22 
is calculated for these 8Ni4+ cations where a large hybridization 
of O and Ni is observed at −7.18 eV ≤ 𝜀𝜀 − 𝜀𝜀𝐹𝐹  ≤ −4.8 eV when 
the backward monoclinic-hexagonal (M−H) phase transition 
occurs. The disappearance of topmost up-spin states of 𝑒𝑒𝑔𝑔(Mn) 
in the DOS plot as well as a |NUS������| change of 3.07 → 2.62 and an 
oxidation of 0.06 |e| → 0.07 |e| (in BC����) demonstrate that Mn 
cations are also slightly oxidized. The p(O)−  𝑒𝑒𝑔𝑔 (Ni) 
hybridization for Ni(4-∆6)+ is less for O−Ni at this layer compared 
to Ni at the other layers. 

    Li0.125NCM811 (Fig. S6 and Tab. S5 in SI)  
Ni/Ni layer When x = 0.25 → x = 0.125, 4Ni3+ cations undergo a 
decrease in |NUS������| of 0.73 → 0.11 with a BC���� increase of 0.10 |e| 
→ 0.16 |e| indicating their oxidations: 4Ni3+ → 4Ni4+. The 
already oxidized 12Ni4+ for x = 0.50 → x = 0.25 experience only 
small changes in their |NUS������| (0.01 → 0.20) and BC���� increases 
slightly (0.151 |e| → 0.146 |e|) for x = 0.25 → x = 0.125. The DOS 
plots clearly show a large hybridization between p(O) and 
𝑒𝑒𝑔𝑔(Ni) at −7.40 eV ≤ 𝜀𝜀 − 𝜀𝜀𝐹𝐹  ≤ −2.18 eV. Due to the combined 
covalent-ionic nature of bonding between p(O)−𝑒𝑒𝑔𝑔 (Ni), the 
SDD plot becomes difficult to analyze.  

Ni/Co layer A transition from incomplete to complete oxidation 
occurs for 4Ni(4-∆5)+ cations when x = 0.25 → x = 0.125 as the 
| NUS������ | value becomes very small (0.28 → 0.07) and the BC���� 
increases (0.16 |e| → 0.18 |e|). The already oxidized 8Ni4+ 
cations for x = 0.50 → x = 0.25 do not undergo significant 
oxidation or reduction. Considering an increase of |NUS������| of 0.46 
→ 0.50 and a large BC���� change of 0.06 |e| → 0.12 |e| as well as an 
increase of down-spin features on Co in SDD and a larger 
amount of down-spin states of 𝑡𝑡2𝑔𝑔(Co) below the fermi level, 
we propose that oxidation of Co cations (to Co(3+ζ2)+) occur at x 
= 0.125. The up- and down-spin splitting on Co in Fig. S6 (f) 
confirms this behavior. The DOS plot shows a greater 
hybridization for p(O)− 𝑒𝑒𝑔𝑔 (Ni) at this Li concentration 
compared to x = 0.25, but the hybridization is smaller than that 
at the Ni/Ni layer. The p(O)−𝑒𝑒𝑔𝑔(Co) covalency also increases 
compared to x = 0.25.  

Ni/Mn layer The |NUS������| of the already oxidized 12Ni4+ (4Ni(4-∆6)+ 
+ 8Ni4+) decreases further (0.25 → 0.08) and their BC���� increases 

slightly (0.142  |e| → 0.143 |e|) for x = 0.25 → x = 0.125. The 
DOS plots do not show a significant change in the covalent 
nature of p(O)−𝑒𝑒𝑔𝑔(Ni) at this layer compared to x = 0.25. An 
increase of |NUS������| of 2.62 → 2.96 and BC���� reduction of 0.07 |e| → 
0.04 |e| indicate the reduction of Mn. The DOS plot also shows 
an increase of down-spin state in 𝑡𝑡2𝑔𝑔 (Mn) orbitals. Slight 
hybridization also occurs between p(O)−d(Mn) compared to x 
= 0.25. 

    Fig. 3 summarizes our results on the variation of charge 
states of 40Ni, 4Co, and 4Mn with delithiation (for x = 1.00 → x 
= 0.125). For x = 1.00, 16Ni cations at the Ni/Ni layer and 12Ni 
with 4Co at the Ni/Co layer show a charge state of ~ 3+. 
Whereas, at the Ni/Mn layer, 4Ni cations are partially (4Ni(3-

∆1)+) and 8Ni are very slightly reduced to compensate for the 
4Ni3+ → 4Mn4+ replacement. Upon the delithiation of x = 1.00 → 
x = 0.75, 4Ni3+ cations are oxidized (to 4Ni(4-∆2)+) but not 
completely, while additional 4Ni3+ cations are slightly oxidized 
(to 4Ni(4-∆3)+) at the Ni/Ni layer. 4Ni3+ cations at the Ni/Co layer 

0

1

2

3

4

0

1

2

3

4

Es
tim

at
ed

 c
ha

rg
e 

st
at

es
  

0

1

2

3

4

Ni/Mn Ni/Co Ni/Ni 

0

1

2

3

4
0

1

2

3

4

Li1.00NCM811 

Li0.125NCM811 

Li0.75NCM811 

Li0.25NCM811 

Li0.50NCM811 
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are completely oxidized. At the Ni/Mn layer, the incomplete 
oxidation of Ni cations is compensated by a partial oxidation of 
4Ni(3-∆1)+ (to 4Ni3+). The charge states of Co and Mn remain 
almost unchanged. For the delithiation of x = 0.75 → x = 0.50 
upon which the H−M phase transition occurs, complete 
oxidations of partially oxidized Ni, namely 4Ni(4-∆2)+ and 4Ni(4-

∆3)+, are observed at the Ni/Ni layer. Whereas small oxidations 
of 8Ni3+ → 8Ni(4-∆4)+ and 4Co3+ → 4Co(3+ζ1)+ take place, 
respectively,  at the Ni/Co layer. However, a reduction of 4Ni3+ 
→ 4Ni2+ and an oxidation of 8Ni3+ → 8Ni4+ occur at the Ni/Mn 
layer. The Mn cations remain the same charge. For x = 0.50 → x 
= 0.25, further 4Ni3+ undergo an oxidation to 4Ni4+ at the Ni/Ni 
layer. At the Ni/Co layer, 4Ni(4-∆4)+ are fully oxidized to 4Ni4+, 
while the rest 4Ni(4-∆4)+ are partially oxidized to 4Ni(4-∆5)+, 
respectively. At the Ni/Mn layer, 4 reduced Ni2+ experience 
large oxidations to 4Ni(4-∆6)+. The charge states of Co and Mn 
cations are almost unchanged. For x = 0.25 → x = 0.125, a large 
oxidation takes place for 4Ni3+ at the Ni/Ni layer, while a partial 
oxidation for 4Ni(4-∆5)+ and 4Ni(4-∆6)+ at the Ni/Co and Ni/Mn 
layer, respectively. Co cations also undergo oxidation. Mn 
cations that were slightly oxidized for x = 0.50 → x = 0.25 are 
reduced back at x = 0.125. Co cations also undergo oxidation. 
Mn cations that were slightly oxidized for x = 0.50 → x = 0.25 
are reduced back at x = 0.125. Hybridization of p(O)−𝑒𝑒𝑔𝑔(Ni) 
orbitals is found to be larger at the Ni/Ni layer than Ni/Co and 
Ni/Mn layer. Chakraborty et al. have also proposed that an 
increase of Ni content in NCM enhances the O−TMs covalency.46 
In our calculations, we also find a slight hybridization of 
p(O)−𝑒𝑒𝑔𝑔(Co) and p(O)−𝑒𝑒𝑔𝑔(Mn) at x = 0.25, which it increases at 
x = 0.125. The strengthening of O−TMs covalency by charging 
has also been reported by Koyama et al.47 and Yabuuchi et al.48 

Note that our calculated total DOS shows no band gap for 
NCM811, but we find the formation of hole-electrons on Ni 
cations with the delithiation. This is because there is a gap 
between valence band maximum and conduction band 
minimum of Ni3+ cations, in particular those at the Ni layer, for 
Li1.00NCM811. The Ni cations at Ni/Co and Ni/Mn layers 
behave different than those at the Ni/Ni layer, which is most 
likely due to the effect of Co and Mn and/or projection of d 
states on Ni cations. The electron-holes are found to be close to 
Li vacancies (see Fig. S9), which is due to the electrostatic 
reason. 
 
    The decrease in the lattice parameter a with delithiation (Fig. 
1) is explained by the gradual shrinking of the ionic radius of Ni 
cations as well as suppression of J−T distortions in Ni−O 
octahedra. Note that the deviation from a linear relation 
between a and x at x = 0.50 is due to the H−M phase transition. 
The reason for the increase of a at x = 0.125 compared to x = 
0.25 is probably due to the increase in in-plane electrostatic 
repulsion between TMs. Although the ionic radii of oxidized 
Ni3+ ions become smaller and their J−T distortions are 
suppressed, the ionic radius of oxidized Co4+ does not change 
much compared to Co3+.49 However, the electrostatic repulsion 
(along a and b directions) between Co4+ and other TMs 
increases. The non-monotonic change in the c value is due to 
the competition between O−Li−O and O−TM−O forces. Figure 4 
(a) illustrates the averaged projected O−O distance on the c axis 
for the O−TM−O intralayer (d1) and interlayer (d2). In-plane 
distances between arbitrary Ni ions of different layers are 
shown in figure S10. To explain the behavior of c, we analyzed 
the variation of d1 and d2, which determine the c value to be (d1 
+ d2) × 3. When x = 1.00 → x = 0.75, d1 decreases by 4.41 % due 

to the contraction of ionic radius of 4Ni3+ → 4Ni(4-∆2)+ at the 
Ni/Ni layer, and 4Ni3+ → 4Ni4+ at the Ni/Co layer, and 4Ni(3-∆1)+ 
→ 4Ni3+ at the Ni/Mn layer. However, d2 increases by 4.70 % 
because of the disappearing of electrostatic attraction between 
removed Li ions and O anions. Our Bader charge calculation 
indicates that O anions are reduced slightly at the Ni/Ni layer 
but those at the Ni/Co and Ni/Mn layers are slightly oxidized 
(see Fig. S8 in SI). This indicates that changes in O−O 
electrostatic interaction plays a minor role in determining d2. 
The magnitude of increase in d2 is larger than that of decrease 
in d1 leading to the expansion of c. Since changes in d1 and d2 
are not very different from those for x = 1.00 → x = 0.75, we 
obtain a similar expansion in the c lattice parameter for x = 0.75 
→ x = 0.50. For x = 0.50 → x = 0.25, the decrease in d1 is 1.74 % 
smaller than that for x = 0.75 → x = 0.50 (∆d1 = 4.05 %). This 
behavior can be due to the presence of 4 J−T active Ni3+ at 
O−TM−O layers. On the other hand, d2 shrinks by 2.00 %. Bader 
charge analysis indicates that O anions of all three layers are 
oxidized (see Fig. S8 in SI). In this case, the impact of vanishing 
partial Li−O electrostatic attraction seems to be weaker than 
that of the decrease in the strength of O−O interaction due to 
the oxidation of O anions. The decrease of both d1 and d2 causes 
the c value for NCM811 shrinks considerably. Finally, when x = 
0.125, a contraction of d1 by 1.96 % is observed. This decrease 
is due to the vanishing of J−T distortion for Ni cations. 
Moreover, a large contraction of d2 is also obtained for x = 0.25 
→ x = 0.125 which arises from a large O oxidation and sliding of 
O−TM−O layers with respect to each other. (The sliding effect 
will be discussed later.)  

    In comparison to NCM111,33 the length of d2 expands larger 
for x = 1.00 → x = 0.50 in NCM811. When x = 0.50 → x = 0.25, d2 
starts to decrease for NCM811, which is not observed for 
NCM111 when x = 0.50 → x = 0.33. It is because of more 
oxidation of O for NCM811 with delithiation strengthening the 
O−O bonding forces. For x = 0.25 → x = 0.125, the interlayer 
sliding in the NCM811, and thereby the decrease in the c value, 
is smaller than that in NCM111. This is despite the larger 
oxidation of O anions in the former case. The d2 layer decreases 
with delithiation for both cases. However, a large shrink of d2 is 
found when x = 0.33 → x = 0.17 for NCM111 owing to the 
suppression of J−T distortion of all Ni3+ for NCM111.33 

    Figure 5 indicates that the H−M phase transition at x = 0.50 
is related to the arrangement of Ni3+ and Ni4+ cations at the 
Ni/Ni layer. One half of NiO6 octahedra undergoes local 

Figure 4. Projected O−TM−O intralayer (d1) and O−TM−O 
intralayer (d2) lengths on the c axis. Calculated d1 and d2 
lengths at each layer are shown in bottom.  
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distortions due to the J-T effect of their Ni3+, but the other half 
of octahedra with Ni4+ possess no local J-T distortion. A special 
ordering of Ni3+O6 and Ni4+O6 octahedra along a and b results 
in the H → M phase transition. It seems that the phase transition 
is dictated by the Ni/Ni layer. Due to an unequal number of 
NiO6 octahedra with and without local distortions as well as 
existence of Co and Mn cations, a similar ordering as in the Ni 
layer is not expected in the other layers. This is in line with the 
observed H−M phase transition in LNO systems.50 For x = 1.00 
all Ni3+ cations at the Ni/Ni layer undergo the local J−T 
distortion, but the periodic sequence of projected Ni−O bond 
lengths (L1: half of the average equatorial O−Ni3+−O length, L2: 
half of the average axial O−Ni3+−O length) along a and b are 
similar. Therefore, Li1.00NCM811 has no collective J-T 
distortion and exhibits a hexagonal symmetry. At x = 0.50 
where half Ni cations have charge states of 4+, all equatorial 
O−Ni4+−O bond lengths, namely L3, are also similar and aligned 
along a. However, along b, the axial O−Ni−O bond length of Ni3+ 
(2L6) is larger than that of Ni4+ (2L4) as well as the equatorial 
O−Ni−O bond length of Ni3+ (2L5) and Ni4+ (2L3). In this case 
the projected length of sequential L3 over a direction is 
different from that of L4, L5, and L6 over b. The shorter bond 
length of L3 compared to L4, L5, and L6 causes the smaller a 
value in comparison to b. For the aforementioned reasons, a 

larger value is obtained for b in comparison to a. As a result, 
Li0.50NCM811 undergoes collective J-T distortion, leading to 
the H → M phase transition. At x = 0.125, where all Ni cations 
have charge states 4+, a similar projected O−Ni−O length over 
a and b is found since the axial and equatorial bond lengths of 
Ni4+−O are almost equal leading to the alleviation of the H−M 
phase transition. 

    Furthermore, we studied the possibility of phase transition 
from O3 to O1 at deep delithation states which has been 
reported by Noh et al.,16 Biasi et al.,15 and Ryu et al.50 Fig. 6 
illustrates that the first and second O−TM−O layers (counted 
from the topmost layer) move in-plane direction towards the 
third O−TM−O layer. Our DFT-SCAN calculation shows that the 
O3 phase is more favorable than the O1 one at x = 0.125, even 
though a slight sliding of the O−TM−O layers with respect to 
each other is observed. However, the latter phase becomes 
more favorable at the fully-delithiated state. Moreover, we 
computed the total Coulomb energies of the DFT-SCAN 
calculated structures of O3 and O1 phases using both the Bader 
charges and formal charges (see Tab. S6 in SI). The results show 
that for both charge states, the O1 phase is more favorable than 
the O3 phase at x = 0.00. This is different from the NCM111 case 
in which only with Bader charges O1 is more favorable.33 
Nevertheless, for both NCM811 and NCM111, the Bader 

charges on ions are larger in the O1 phase than the O3 phase at 
x = 0.00.33 

    Finally, we computed the voltage profile with 

𝑉𝑉 = −
𝐸𝐸(Li𝑥𝑥+𝑑𝑑𝑑𝑑NCM811) − 𝐸𝐸(Li𝑥𝑥NCM811)

𝑑𝑑𝑑𝑑 + 𝐸𝐸(Li), 

where 𝐸𝐸(Li𝑥𝑥+𝑑𝑑𝑑𝑑NCM811)  and 𝐸𝐸(Li𝑥𝑥NCM811)  are the total 
energy per formula unit of the system before and after dx Li 
deintercalation, respectively. 𝐸𝐸(Li) is the energy per formula 
unit of bulk metal Li. The Li0.125NCM811 structure was 
excluded from our calculation due to its (aforementioned) 
combined covalent-ionic nature of bonding. The variation of 
voltage with Li content is qualitatively in fair agreement with 
the experimental data by Biasi et al.21 and Noh et al.22 In 
particular, the simulated curve reproduces the larger increase 
in voltage for lower x values. Calculated voltages with DFT-
SCAN are about 0.30-0.50 V higher than the experimental 
measurements,21,22 which is definitely due to the exchange-
correlational energy approximation in the DFT calculation. The 
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Figure 7. Calculated voltage for Li1-xNCM811 as function 
of 1-x and theoretical capacity. 

Figure 5. Top views of the Ni/Ni layer of NCM811 for different 
Li concentrations. Ni(3±∆)+ and Ni(4±∆)+ are in Grey and white, 
respectively. Calculated equatorial Ni(3±∆)+−O (L1 and L5), 
axial Ni(3±∆)+−O (L2 and L6), equatorial Ni(4±∆)+−O (L3 and L7), 
axial Ni(4±∆)+−O (L4 and L7) bond lengths have been discussed. 
The shape of NiO6 octahedra (zoomed in) and orientation of d 
orbitals are shown in the bottom. 

Li1.00NCM811 Li0.50NCM811 Li0.125NCM811 

Li0.25NCM811 

Li0.125NCM811 

Li0.00NCM811 

Figure 6. Side and top views of TM layers in the O3 phase of 
Li0.25NCM811 and Li0.125NCM811 as well as the O1 phase 
of Li0.00NCM811.   
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computed voltage values by Chakraborty et al. for LNO with 
DFT-SCAN is also lower than the corresponding experimental 
values.32 

Conclusions 

In this work, we modelled structural changes in LixNCM811 
with delithiation/lithiation x. The most favorable 
arrangements of TMs and Li ions were determined by 
performing extensive electrostatic energy analysis followed by 
DFT calculations. Our detailed analysis on local spin 
polarization, spin density difference, density of states, and 
Bader charges helped us to explain the reason behind non-
monotonic variation of a, b, and c, and, in particular, structural 
phase transitions with x.  It is found that (i) number of Li ions, 
(ii) charges on TMs and O, (iii) site preference of TMs, (iv) J−T 
distortion, and (v) electrostatic interactions are the main 
factors controlling lattice parameters and symmetry. The 
decreases in a for x = 1.00 → x = 0.25 is controlled by the factors 
(ii) and (iv), while the increase in a for x = 0.25 → x = 0.125 is 
due to the factor (ii) and (v). The increase in c for x = 1.00 → x 
= 0.50 is controlled by factor (i). The removal of Li ions which 
act as glue between O−TM−O layers leads to the weakening of 
the O−Li−O attraction and thereby the expansion of c. The 
decrease in c for x = 0.50 → x = 0.25 is due to the factors (ii) and 
(iv), and the sharp decrease in c for x = 0.25 → x = 0.125 is 
induced by factors (ii) and (v). Whereas the H−M phase 
transition relies on factor (iii) and (iv). Co and Mn cations 
occupy TM sites such that every third layer comprises of only 
Ni cations. The length of axial axis in Ni3+−O octahedra is larger 
than that in Ni4+−O as well as that of equatorial axis in Ni3+−O 
and Ni4+−O octahedra at the Ni/Ni layer leading to the phase 
transition in NCM811 at x = 0.50. Finally, we showed that the 
O3 → O1 phase transition in the fully delithiated case is driven 
by factor (v). A similar H−M phase transition is expected for 
other Ni-rich NCM cathodes with at least one O−Ni−O layer. 
This is because the collective Jahn-Teller effect that was found 
in this work occurs probably in O−TM−O layers comprising of 
only Ni besides O. 
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