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On the origin of non-monotonic variation of lattice parameters of 

LiNi1/3Co1/3Mn1/3O2 with lithiation/delithiation: a first-principles 

study   

Liang-Yin Kuo, a,b Olivier Guillon b and Payam Kaghazchi *b 

Here, we show that the non-monotonic variation of lattice parameters of LixNi1/3Co1/3Mn1/3O2 during delithiation/lithiation 

can be predicted in good agreement with experimental results by applying an approach combining an extensive set of 

Coulomb energy and density functional theory calculations. Moreover, the influence of choosing exchange-correlation 

functional on our results is discussed. By analyzing local spin polarization, spin density plot, density of states, and Bader 

charges, the reason behind this behavior is explained. It is found that the presence/absence of electrostatic Li O interactions 

as well as oxidation of O anions are key parameters to control the lattice parameter changes. In 

particular, the contraction of c for 0.5 > x, which has not been fully explained so far, is found to be due to the vanishing of 

6 octahedra. 

justified until now, is shown to be driven by strongthening of ionic bonds and electrostatic interaction in the latter phase. 

Introduction 

Although LiCoO2 (LCO) is the most widely used cathode material 

for lithium-ion batteries (LIBs) in small-scale devices,1,2 it is not 

a suitable candidate for LIBs in electric vehicles because of its 

low energy density and the high cost of Co metal.3 The major 

reason for the low energy density is its structural instability (due 

to a large volume change and/or phase transition) upon more 

than half delithiation. Thus, the charging process should be 

restricted under this level resulting in a low practical voltage of 

LCO.4 LiNiO2 (LNO) has the same space group and atomic 

structure as LCO, while it consists of low-cost Ni metal and 

provides higher energy density than LCO as more Li ions can be 

safely (from the structural stability point of view) extracted 

from LNO during charging. The structural instability occurs only 
after removing 0.75 Li content.5 However, thermal instability 

(due to the high reactivity with electrolyte) of LNO is more 

severe than in LCO.6,7 LiMnO2 (LMO) contains Mn which is 

cheaper and less toxic than Co and Ni metals.8 Moreover, it 

provides higher safety (thermal stability) than LCO and LNO.  

However, LMO possesses a lower energy density (due to a lower 

structural stability) than LCO and LNO.9,10 To combine 

advantages of LCO, LNO, and LMO, LiNixCoyMn1-x-yO2 cathodes 

were proposed, synthesized, and even commercialized.11 

Among various possible NCM systems with different Ni, Co, and 

Mn ratios, LiNi1/3Co1/3Mn1/3O2 (hereafter called NCM111) is one 

of the most commonly-used and -studied system.12 14 The 

structural stability of NCM111 is higher than LCO, as the 

cracking of NCM111 microstructures that leads to their voltage 

and capacity fade15 22 occurs at higher levels of 

lithiation/delithiation in comparison to LCO. The main reason 

behind the microstructure cracking of cathode materials such 

as NCM111 is an anisotropic change in their lattice parameters 

during charge/discharge. Understanding mechanism of this 

phenomenon is therefore important to improve the 

performance of NCM cathode materials. 
    During charging (i.e. delithiation), the lattice parameter a (a = b) 

of LixNi1/3Co1/3Mn1/3O2 (hereafter called LixNCM111) contracts for 

1.00 > x > 0.35, while it expands for 0.35 > x.23 However, the lattice 

parameter c expands for 1.00 > x > 0.51 and then it contracts for 0.51 

> x > 0.29.24 These changes in a and c cause the unit cell volume to 

contract slightly for 1.00 > x > 0.35 and then strongly for 0.35 > x.23 

Experimental measurements by Li et al.25 showed that the 

contraction of a is because of the delithiation-induced oxidation of 

transition metal (TM) cations that reduce their ionic radii. The 

expansion of c in NCM111 was mainly explained to be because of 

increase in the electrostatic O O repulsive force resulting from the 

weakening of screening of O charge by Li ions during delithiation.26,27 

However, the contraction of c-axis in NCM cathodes for x < 0.50 has 

not been fully explained. The most common belief is that oxidation 

of O anions (together with TM cations) at high delithiation levels 

weakens interlayer O O repulsions leading to the contraction of c.16 

The delithiation-induced decrease in negative charge of O28 and/or 

stronger TM O bonds (due to more hybridization of TM O orbitals)29 

had been proposed before by theoreticians.  

    Density functional theory (DFT) has been applied to simulate 

lattice parameters (i.e. unit cell volume) change through delithiation. 
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For example, DFT calculation (using the local density approximation 

LDA functional) by Koyama et al.30 found that the parameter a 

decreases from x = 1.00 to x = 0.33, while it increases from x = 0.33 

to x = 0.00. However, it is known that NCM111 undergoes a phase 

transition from O3 to O1 for very deep delithiation levels, i.e. x < 

0.23.23 Moreover, they found that the c value increases 

monotonically from x = 1.00 to x = 0.33, while it decreases from x = 

0.33 to x = 0.00.30 However, experimental results show that the 

contraction of c starts for x < 0.51. Hwang et al.29 used the more 

accurate generalized gradient approximation (GGA) of Perdew-

Burke-Ernzerhof (PBE)31 functional compared to LDA for their DFT 

calculation to study this system. They found that the size of a 

decreases from x = 1.00 to x = 0.50, while it increases from x = 0.50 

to x = 0.00. However, according to the experimental data, increase in 

a should occur after removing 0.67 Li.23 Furthermore, their results 

show that the c value increases from x = 1.00 to x = 0.33 and 

decreases from x = 0.33 to x = 0.00. The decrease in the c value from 

x = 0.33 to x = 0.17 was calculated to be only 0.018 Å. In addition, 

they found that the value of c for x = 0.17 is 0.71 Å higher than the 

value of c for x = 1.00. Experimental measurements, however, 

reported that the c value for x < 0.30 is 0.39 Å shorter than that for x 

= 1.00.26 Min et al.32 carried out GGA-PBE calculation to study NCM 

with different Ni contents. They showed that the value of a decreases 

from x = 1.00 to x x 35 to x = 0.00 

state. However, the c value increases from x = 1.00 to x 

then decreases for x x = 0.00. They proposed that the 

experimental results can be reproduced only by considering a layer-

by-layer delithiation mechanism, which has not been reported so far 

by any experimental or other theoretical studies. A comparison 

between the aforementioned theoretical studies shows that the 

model structure (arrangement of TMs and Li ions), type of exchange-

correlation (XC) functional, and computational setup (e.g. spin 

polarization) are key points in modelling and understanding lattice 

parameter changes with delithiation. In these studies, in order to find 

the arrangement of Li ions for various Li concentrations, a series of 

DFT calculations29,30 or cluster expansion (CE) has been applied.32 

Both cases have advantages and disadvantages. Sampling of 

configurations by DFT calculation is limited by the computational 

cost and time. Applying the CE method can misguide us to find 

minimum-energy structures for systems where magnetization of TM 

cations is very sensitive to the concentration and arrangement of Li 

ions. The other more promising types of XC functionals for studying 

metal-oxide systems such as PBE+U33 has been studied for Ni-rich 

NCM50, while Heyd-Scuseria-Ernzerhof (HSE)34 as well as the 

recently-developed SCAN (Strongly Constrained and Appropriately 

Normed)35 38 functional have not been so far applied to study lattice 

change in NCMxy1-x-y cathodes. Recently, Chakraborty et al.39 have 

calculated lattice parameters, magnetic moments, density of states, 

and voltage profiles of LCO, LNO, and LMO at different 

lithiated/delithiated states by using the DFT-PBE, PBE+U, and SCAN. 

Their results showed that the SCAN functional performs better than 

the PBE functional for the prediction of band-gaps, while better than 

PBE+U functional for DOS, and better than both PBE and PBE+U 

functionals for lattice parameters.36 

   In this work, by combining an extensive Coulomb energy analysis 

and DFT calculations, we obtained the Li arrangement in LixNCM111 

as a function of Li concentration x. The influence of exchange-

correlation functional, in particular SCAN, on the calculated lattice 

parameters is discussed. By analyzing electronic and atomic 

structures, the reason of non-monotonic change of lattice 

dimensions in NCM111 will be explained. 

Results and discussion 

Our DFT-PBE calculations, in agreement with a previous DFT-HSE06 

study,44 showed that a homogenous distribution of TM cations in the 

fully-lithiated NCM111 (Li1.00NCM111) is the most favourable 

structure (see Fig. S1 in SI). Focusing on this structure, we explored 

the most favourable arrangement of Li ions in Li sites for various Li 

concentrations x in LixNCM111. To achieve this aim, we first 

calculated total Coulomb energies (EC) of a large number of possible 

configurations for each Li concentration as follows. For 

Li0.67NCM111 and Li0.33NCM111, which were modelled with 1×1×1 

unit cells (only for Coulomb energy analysis), we considered all 

possible arrangements of Li ions in Li sites, namely   84 

configurations. However, for Li0.50NCM111, which we had to model 

it with a 2×2×1 supercell, there exists a large number of possible 

configurations of   9.075  109, which is computationally 

intractable. In this case, the most favorable structure of 

Li0.67NCM111 with a 2×2×1 supercell was considered and all 

possible arrangements of 18 Li ions in 24 occupied Li sites, namely 

 134596 configurations were modelled. For Li0.17NCM111, 

we considered all possible Li arrangements in Li sites in a 2×2×1 

supercell and modelled   1947792 structures. Two sets of 

charge values, i.e. two charge-balancing mechanisms, were 

considered for computing total Coulomb energies.  I) elementary 

charge values of 3.00+, 3.33+, 3.50+, 3.67+, and 3.83+ for each TM 

(Ni, Co and Mn) cations at x = 1.00, x = 0.67, x = 0.50, x = 0.33, and x 

= 0.17, respectively and II) charge values of 2+, 3+, 4+ for Ni, 3+ and 
4+ for Co depending on the Li concentration, and 4+ for Mn. For both 

mechanisms we considered elementary charges of 1+ for Li and 2  

for O, respectively.  

    Calculated EC values for configurations 1-50 with charge balancing 

mechanism I and II are illustrated in Fig. 1. For Li0.67NCM111 and 

Li0.33NCM111, we performed DFT-PBE calculation for 6 and 10 

distinguishable structures with lowest Ec values. The DFT-PBE-

calculated most favourable structures for x = 0.67 (configuration vi) 

and x = 0.33 (configuration i) possess well-ordered hexagonal 

arrangements of Li ions at each layer. Since the lowest (DFT-PBE) 

total-energy structure was among the low-energy Coulomb energy 

analysis with mechanism I for Li0.33NCM111 and Li0.67NCM111, we 

further considered only mechanism I to determine the 

electrostatically most favorable structures for Li0.50NCM111. 
Afterward, we performed DFT-PBE calculations for 7 distinguishable 

Li arrangements with the lowest Ec values. The configuration v was 
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confirms a slight internal down-spin electron transfer from eg(Co) to 

p(O3) and probably a slight delithiation-induced oxidation. The DOS 

plots show a large overlap between eg(Ni) and eg(Co) with p(O)  at 

 0.01 eV, but a very small overlap between 

eg(Mn) and p(O). This indicates that the internal electron transfers 

are mainly between Ni and Co with O. Considering changes in SDD 

and Bader charge variation ( 0.005 ) on O anions (see the last 

sentences of this paragraph) as well as increase of NUS by 0.10 and 

Bader charge by 0.008  on Mn for x x = 0.67, we conclude 

a partial down-spin electron transfer from d(Mn), probably from eg, 

to p(O1) and p(O3). Moreover, there should be a delithiation-induced 

oxidation of Mn since the amount of O reduction is much smaller 

than the oxidation of Mn. Note that the oxidation of Mn cannot be 

observed by comparing the SDD plots for x = 1.00 and x = 0.67 cases 

since the spin density variation is considerably smaller than the 

observed for Co(3 )+ and Mn(4 )+, which is in line with  previous 

experimental24 and theoretical20 studies. 

The small difference between  3.90 Å and  3.87 

Å as well as  3.88 Å and  

O and symmetry breaking due to the partial oxidation of Co and Mn. 

The Bader charge analysis indicates that in average all three types of 

O anions are slightly reduced when x x = 0.67. The local NUS 

and SDD of O and TM cations help us to find the mechanism of O 

anions reduction, which is governed by the transfer of up- and down-

spin electrons from TMs to Os. The SDD figures indicate an up-spin 

electron transfer from eg(Ni) to p(O2), while down-spin from eg(Co) 

and  eg(Mn) to p(O3) and p(O1). Appearance of up-spin (yellow-

colour) on Co is indication of down-spin electrons from Co to O. 

However, the overall reduction of O anions is very small, which might 

be indication of partial oxidation of O anions, besides the electron 

transfers from TMs to Os. Oxidation of O has been also reported by 

experiment59 and theory28,50. Similar to the case of Li1.00NCM111, 

we cannot comment on the formation of TM O covalent bonds from 

our DOS data, but partial electron pairing in TMs orbitals might be 

indication of such bonds in Li0.67NCM111.     

Li0.33NCM111 Upon delithiation (x x = 0.33) the topmost 

features of d orbitals of Ni below  (down to around 2 eV), namely 

shallow dz2(Ni) states, disappear indicating a further oxidation of Ni 

ions. The SDD plots clearly show the oxidation of Ni cations as well. 

The Bader charge analysis also qualitatively confirms the oxidation of 

Ni (by 0.11 ). The delithiation-induced oxidation of dz2(Ni) for x = 

0.67  x = 0.33 agrees with previous experimental56 and 

theoretical29 studies. From the average NUS value of 0.04 on Ni, we 

estimate a removal of 0.84 up-spin electrons from eg(Ni) and a charge 

state of 3.32+ at x = 0.33. Calculated average NUS values of 0.1160, 

0.0061, and 0.1050 (absolute NUS) have been reported for Ni4+ in NCM 

systems by performing DFT-PBE+U and DFT-PBE calculation. The 

coexistence of both spin states in eg(Ni) can be seen from the DOS 

plot showing down-spin and up-spin features at  

0.17 eV, the downward peaks being larger. An overlap between 

eg(Ni) and p(O) at the aforementioned energy range indicates that a 

small up-spin electron transfer from Ni to O is possible. The 

formation of Ni(4 )+ leads to the suppression of Jahn- T) 

distortion where 3.79 Å becomes comparable to 

 3.78 Å. The absence of distortion in Ni4+  has also 

been reported in previous experimental24 and theoretical30 works. A 

comparison between NUS values for x = 0.67 and x = 0.33 does not 

provide a certain quantitative value for oxidation of Co. 

Nevertheless, the Bader charge analysis shows a larger oxidation of 

Co compared to Mn. Experimental study by Saadoune et al.62 has also 

proposed that the oxidation of Co cations starts before all Ni cations 

are completely oxidized. The disappearance of down-spin states in 

the DOS plot of Co at  0.02 eV when x 

x = 0.33 as well as a slightly larger density of up-spin states in the DOS 

plot of the latter case indicates that the yellow-colour of SDD on Co 

is due to the removal of down-spin electron from Co. An electron 

transfer from O to Co is not observed in the DOS plots as no p(O) 

state exist below . The NUS data shows a back-donation of 0.04 

down-spin electrons from O anions to eg(Mn), showing the reduction 

of Mn by 0.04  The electron transfer can be confirmed from an 

overlap between eg(Mn) and p(O) states in the energy range of 0.87 

 0.17 eV which can be seen in the corresponding DOS 

plot. An averaged value of 0.12 up-spin electron is removed from 

p(O1) anions. Moreover, there is a very small down-spin electron 

oxidation and/or transfer (to Mn) from p(O3) and p(O1) anions 

meaning a small oxidation of these O anions compared to x = 0.67. 

The average oxidation of all O anions is estimated to be 0.037  

which is 0.008  larger than that of Co cations. Note that the 

majority of electron removal occurs from O1. Comparing DOSs shows 

a clear hybridization between d(Ni) and p(O) orbitals for 

 1.09 eV in Li0.33NCM111 which is not observed in 

Li1.00NCM111 and Li0.67NCM111. This result is in line with previous 

experimental25 and theoretical29 studies reporting a stronger Ni O 

covalency at low Li contents.  

    4 indicate 

oxidation of several Ni(3 )+ 

in their NiO6 octahedra when 0.17 Li is removed from Li0.67NCM111. 

The O anions are slightly oxidized when x 

shows that a strong oxidation of O anions occurs for x 

similar to the case of x 

anions start to oxidize strongly when x 

SI).  

    Fig. 4 c axis 

d1

(d2). Removing 0.33 Li from Li1.00NCM111 causes d1 to shrink by 2.15 

%, which is due to the radius contraction of all Ni cations that are 

oxidized (see the SDD plots and NUS values in Fig. 3 as well as Bader 

charge analysis in Fig. 4a) in Li0.67NCM111 with respect to 
(3 )+

lengths only slightly shrink (by 0.02 Å

lengths contract by 0.2 Å in the delithiated case compared to the full-

lithiated one. However, d2 expands by 2.40 % when x 

According to a previous explanation,26 this is due to the weakening 

of screening of O charges by Li ions. Our Bader charge calculations in 
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that of second layer. Moreover, O anions have less negative charge 

(see Fig. 4a) leading to a weaker 
c lattice parameter decreases dramatically.  

     To explain the changes in a with delithiation we used the average 

TM O bond lengths in Fig. 4 to determine creation or suppression of 

x a 

decreases from 2.88 Å to 2.86 Å which is due to the oxidation of all 

Ni cations from (2 )+ to (3 )+. Upon the oxidation, Ni(3 )+ O 

T) distortions in which the length 

of a shrinks from 4.06 Å to 3.86 Å. However, no J T distortion occurs 

for Co(3 )+ O and Mn(4 )+ O octahedra since there is no significant 

change in the oxidation states of Co and Mn. The projection of 

contraction of equatorial Ni O bonds on the axis a leads to the 

decrease in the value a. The reason of further contraction of a from 

x = 0.67 (a = 2.86 Å) to x = 0.33 (a = 2.84 Å) in Fig. 2 is the vanishing 

of J T distortion in Ni(4 )+ O leading to similar values of equatorial 

and axial Ni O bond lengths. The reason of increase in a for x = 0.33 

(a x = 0.17 (a = 2.86 Å) in Fig. 2 is because that i) ionic 

radius of Co(4 )+ in the latter case does not change much with respect 

to Co(3 )+ in the former case,47 while ii) the in-plane electrostatic 

repulsion between Co(4 )+ cations with each other and other cations 

enhances. 

      To check the possibility of phase transition from O3 to O1 through 

a deep delithiation, we modelled Li0.17NCM111 and Li0.00NCM111 

in O1 phases (see Fig. S5 in SI). Our DFT-SCAN calculation shows that 

O3 phase is more favorable than O1 for x = 0.17, which is in spite of 

-stacking in Li0.17NCM111 (Fig. 

5). However, the O1 phase becomes more favorable than the O3 one 

for the fully-delithiated case. This finding agrees with the 

experimental observations by Choi et al.23 and Yin et al.48 showing a 

 Furthermore, 

we computed the total Coulomb energies for the DFT-SCAN 

calculated structures of O1 and O3 phases using Bader charges. It is 

found that the latter structure is electrostatically more favorable for 

x = 0.17, while the former is more favorable for x = 0.00. The total 

Coulomb energy for Li0.00NCM111 is, however, calculated to be 

lower in O3 than O1 phase when considering formal charge states of 

4+ for TMs and 2- for O ions. Since the Bader charges on ions are 

larger in the O1 phase than the other phase of Li0.00NCM111 (Tab. 

S2 in SI), the O3 O1 phase transition is expected to be driven by the 

strengthening of ionic bonds and electrostatic interactions.       

Conclusions 

Here, we showed a computational approach to simulate and 

understand the variation of lattice sizes of layered cathode materials 

with delithiation/lithiation. It was found that an extensive Coulomb 

energy analysis and DFT calculations is required to find arrangement 

of Li ions in these materials at different level of charge/discharge. 

Among PBE, PBE+U, and SCAN functional, the last one can compute 

lattice parameters (a, b, and c) of LixNi1/3Co1/3Mn1/3O2 (LixNCM111) 

as function of Li concentration in better agreement with 

experimental data. A detailed analysis of local spin polarization, spin 

density difference plot, density of states, and Bader charges was then 

applied to gain insight into the nature of delithiation-induced 

oxidation and lattice size change in this system. Delithiation of 

LixNCM111 from x = 1.00 to 0.67 leads to the Ni(2 )+ (3 )+ 

oxidation of all Ni cations. Although this causes the 

O length along c (d1) to become slightly shorter, but this contraction 

c 
(d2) leading to the increase in the c parameter. The expansion is due 

parameter a, which is influenced by the projection of equatorial 

Ni(3 )+ O bond length on this axis, undergoes a small contraction. 

From x = 0.67 to 0.50, the value of c increases slightly due to a further 

of supp

c and a 

direction. Therefore, the length of a which is controlled by the in-

x = 0.50 to 

0.33, all Ni cations undergo a Ni(3 )+  Ni(4 )+ oxidation. In this case, 

6 octahedra is relieved leading to a large 

contraction of d1. For this reason, the size of a decreases further. 

Although the value of d2 increases due to further vanishing of 

large enough because of the decrease in the negative charge (i.e. 

oxidation) of O anions. Therefore, the small expansion of d2 cannot 

overcome the large shrinkage of d1. For this reason, the value of c 

contracts. Finally, from x = 0.33 to x = 0.17, Co(3 )+  Co(4 )+ 

oxidation of several cations occurs. Since the radius of oxidized Co 

cations does not reduce much, the increase in the electrostatic 

repulsion between Co(4 )+ with other cations lead to an increase in 

a. However, the c value shrinks significantly, which is due to the in-

espect to each other to 

pack in the direction c. At higher concentrations of Li, the sliding of 

layers together. Furthermore, our calculations show that for x = 0.00 

at which O anions are oxidized more strongly than higher Li 

concentration cases a phase transition from O3 to O1 occurs in the 

 O1 phase 

transition is driven by increased strength of ionic bonds and 

electrostatic interaction. A comparison between PBE, PBE+U, and 

SCAN functional results demonstrates that the last one is generally 

the best choice to predict the lattice parameters as well as magnetic 

properties.  However, all three functionals can qualitatively predict 

the lattice parameters and volume change correctly.  

 

Theoretical methods 

Spin-polarized DFT calculations were carried out using the projector-

augmented plane-wave (PAW)40 pseudopotential which was 

implemented in the Vienna Ab Initio Simulation Package (VASP).41 To 
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examine the effect of XC functional on the results, PBE, PBE+U, and 

SCAN were used. The  (hereafter called U) values for Ni, Co, and 

Mn are 6.8 eV, 5.9 eV, and 5.2 eV respectively. We also further check 

the influence of U value on lattice parameter and volume by 

considering U values of 5 eV and 8 eV for Ni. We only studied the 

different U values for Ni because Ni is the active cation for a wide 

range of lithium concentrations of 1.00 > x > 0.33. To model bulk 

LixNi1/3Co1/3Mn1/3O2 (LixNCM111) a structure with a space group of 

R -type symmetry (1×1×1 unit cell: 

Li9Ni3Co3Mn3O18) was applied. A 1×1×1 unit cell was considered to 

calculate total Coulomb energies for x = 0.67 and x = 0.33, while a 

2×2×1 supercell (Li36Ni12Co12Mn12O72) was used to calculate total 

Coulomb energies for x = 0.50 and x = 0.17 as well as all DFT 

calculations for 1.00  x 0.00. A Gamma-centered k- point mesh of 

2×2×1 and an energy cut off of 500 eV were applied for the 2×2×1 

supercell.  An electronic and force convergence criterion of 10-4 eV 

and 10-3 eV/Å, respectively, were considered. Total Coulomb energy 

calculations were carried out using the so-called supercell code.42 

Atomic structures were visualized with the VESTA program.43 
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