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ABSTRACT  

Ni-rich Li-based layered Ni, Co, and Mn (NCM) materials have shown tremendous 

promise in recent years as positive electrode materials for Li-ion batteries. This is evident as 

companies developing batteries for electrical vehicles are currently commercializing these 

materials. Despite the considerable research performed on LiNiCoMnO2 systems, we do not 

yet have a complete atomic level understanding of these materials. In this work we study the 

cationic ordering, thermodynamics, and diffusion kinetics of LiNi0.5Co0.2Mn0.3O2 (NCM-523). 

Initially, we show that cationic ordering can be predicted employing cheap atomistic simulations, 

instead of using expensive first-principles methods. Subsequently, we investigate the 

electrochemical, thermodynamic and kinetic properties of NCM-523 using density functional 

theory (DFT). Our results demonstrate the importance of including dispersion corrections to 

standard first principles functionals in order to correctly predict the lattice parameters of layered 

cathode materials. We also demonstrate that a careful choice of computational protocol is 

essential to reproduce the experimental intercalation potential trends observed in the 

LiNi0.5Co0.2Mn0.3O2 electrodes. Analysis of the electronic structure confirms an active role of Ni 

in the electrochemical redox process. Moreover, we confirm the experimental finding that on 

complete delithiation, this material remains in an O3 phase, unlike LiCoO2 and NCM-333. 

Finally, we study various pathways for the Li-ion diffusion in NCM-523, and pinpoint the 

preferred diffusion channel based on first principles simulations. Interestingly, we observe that 

the Li diffusion barrier in NCM-523 is lower than that in LiCoO2.  
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Introduction 

Climatic changes, such as global warming, diminishing fossil-fuel reservoirs, and 

increasing global demands for energy have led to a surge in research on clean and efficient 

energy storage materials. Rechargeable batteries have shown tremendous promise as alternative 

energy storage devices, which are based on fundamental electrochemical principles. Within this 

family of energy storage materials, Li-ion batteries (LIB) have shown superb performance and 

energy density. Currently, the applications of LIBs extend from small, portable devices such as 

cell phones to electric vehicles (EVs).
1-6

 

LiCoO2 is currently the most widely used positive electrode material in most commercial 

rechargeable LIBs. This layered material was first reported by Goodenough in 1980,
7
 and has 

been studied extensively since,
8-11

 resulting in its commercialization in the early 1990s as a 

cathode material. Currently, LiCoO2 is used in batteries for most mobile devices. Due to the 

demand for higher specific energy, many other materials are being investigated, such as the 

olivine material lithium iron phosphate (LiFePO4)
12

 and other olivine phosphates, including 

LiCoPO4,
13

 LiMnPO4
14

and LiNiPO4,
15

 and mixed olivines.
16-18

 In the quest for high energy 

density materials for EV applications, materials such as LiCoO2
9
 are particularly attractive due to 

their high theoretical capacity (270 mAh/g).
19

 In comparison, LiFePO4 has a much lower 

theoretical capacity (170 mAh/g)
20

. Unfortunately, in practice, the effective capacity of LiCoO2 

is low (148 mAh/g),
21

 and combined with safety issues, capacity fading over 4.3V, poor rate 

performance, and the toxicity of cobalt,
1, 22, 23

 this material has limited large-scale applicability. 

Motivated by these limitations Ni-rich layered compounds such as LiNiO2
19, 24

, LiNi1–

CoO2,
25

 LiNi(1–)MnO2,
26

 and LiNiMnCo(1–2)O2
27, 28

 have been proposed and shown to 

provide superior performance compared to LiCoO2. Many studies have focused on 
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 4 

LiNi0.5Mn0.5O2 and LiNi0.5Co0.2Mn0.3O2 as cathode materials for LIBs.
29-34

 Some of these 

compounds exhibit very high specific capacities (~220 mAh/g), with almost 80% reversible Li 

de-intercalation.
23

 However, in spite of the successful incorporation of Ni-ions into layered 

materials, Ni-rich materials show significant Ni/Li cation mixing (site exchange). Such cation 

mixing can lead to capacity fading and structural changes.
35

  

A particularly well-studied Li-based Ni, Co, and Mn (NCM) material is 

LiNi1/3Co1/3Mn1/3O2 (NCM-333), which has a reversible capacity of ~150 mA h/g in an optimal 

voltage range (~3.5-4.2V).
28

 Improvements in electrochemical properties of NCM-333 on 

reduced graphene oxide coating have recently been demonstrated,
36

 and as well as the effect of 

copper impurities.
37

  Koyama et al.
38

 studied NCM-333 using density functional theory (DFT) 

within the local spin density approximation (LSDA), and their calculations suggested that the 

formal oxidation states of Ni, Co, and Mn in the pristine material are +2, +3, and +4. These 

authors showed that the energetically favorable structure possesses a so-called √3×√3 R30°-type 

cation ordering. Furthermore, they also predicted that the redox reactions take place in distinct 

regions of delithiation space of LixNi1/3Co1/3Mn1/3O2 (Ni
2+

/Ni
3+ 

for 0≤x≤1/3, Ni
3+

/Ni
4+

 for 

1/3≤x≤2/3 and Co
3+

/Co
4+

 for 2/3≤x≤1). DFT calculations using a generalized gradient 

approximation (GGA) functional, in conjunction with experimental X-ray absorption 

spectroscopy, supported these findings and identified the valence states of Ni, Co and Mn.
39

 

Additional studies have also shown that Ni
+2 

is the primary charge compensation site, oxidizing 

at the lowest potentials.
40, 41

 Grey and coworkers have shown that the oxidation state of Ni 

largely depends on the Li/transition metal (TM) ratio of the starting materials.
42

 They have also 

shown that NCM-333 has a tendency to generate Ni
+2

-Mn
+4

 cationic clusters, while the Co
3+

 ions 

adopt random positions.
42

 It was also shown that cationic ordering of the material depends on the 
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 5 

synthetic procedure and that low short-range and long-range ordering reduces the reversible 

capacity.
39, 43, 44

  

 

In this work, we study various TM ordering patterns, redox properties, thermodynamics, 

and lithium diffusion in O3-type NCM-523 using first principles calculations. We present a 

systematic and funneled approach to predict the cationic TM ordering, which is essential to the 

electrochemical redox properties of NCMs. This approach is based on initial screening of 

multiple cationic orderings using classical simulations methods, followed by more accurate DFT 

scoring. We show that the relative stability of layered materials with different cationic orderings 

can be well predicted using classical simulation methods, and that the electrochemical, 

thermodynamic and kinetic properties are nicely described by GGA DFT methods augmented by 

dispersion corrections. We further demonstrate the possibility of forming solid solutions in 

partially delithiated states and finally we give extensive atomic and electronic level insight into 

the workings of NCM-523. 

Computational Methods 

All atomistic classical calculations were performed using the GULP code.
45

 The 

Buckingham potentials were used to model non-bonded interactions. The Vienna ab-initio 

simulation package
46-49

 (VASP) was used to perform DFT calculations, and these calculations 

employed the GGA and GGA+U functionals.
50

 Specifically, we employed the PBE
51

 exchange-

correlation functional. Two sets of U values were taken from previous studies
12, 13

 on similar 

classes of materials. In particular, for Ni, Co and Mn, we employed values of U = 5.96, 5.10 and 

5.00 eV and U' = 6.40, 3.30 and 3.40 eV, respectively. Spin-polarized DFT with 

antiferromagnetic spin ordering,
35, 39, 52

 was used to relax all structures. The kinetic energy cutoff 
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 6 

was chosen to be 520 eV. Due to the very large super-cell, the calculations were performed using 

the Monkhorst Pack scheme with a mesh of 2×2×1 k-points. To incorporate the effect of 

dispersion, we employed DFT+D3 method and optPBE-vdW, as implemented in the VASP 

code.
53-55

 Li diffusion barriers were calculated using the nudged elastic band (NEB)
56

 method in 

the fully intercalated limit with gamma k-point only, and a 400 eV kinetic energy cutoff was 

used. NEB calculations were carried out with the standard PBE functional (without U) to avoid 

mixing of the diffusion barrier with a charge transfer barrier.
57

 The lattice parameters for defect 

structures were fixed at the relaxed lattice parameters obtained by the PBE+U calculations. 

Further details of the computational methods are given in the Supporting Information.  

 

Results and Discussion 

Cation Ordering:  

Mixed TM layered oxides of the NCM family are attractive cathode materials for Lithium-ion 

batteries. However, NCMs likely have a complex in-plane TM ordering due to the different 

charges associated with each ion, and it is challenging to get the detailed position of the different 

ions within the transition metal layer from powder XRD or NMR.
58

 This structural uncertainty 

presents a considerable challenge in first-principles theoretical studies of NCMs, as atomic level 

resolution of the ionic positions is needed to model these systems and to be able to draw 

meaningful conclusions.  

Previous experimental and theoretical studies have suggested that the transition metals adopt 

specific cationic ordering patterns, due to the different formal charges associated with the various 

metal ions.
43

 Interestingly, these ordering patterns are governed by simple electrostatic 
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 7 

interactions as demonstrated by Cahill et al., using high resolution solid-state 
6 

Li NMR, powder 

X-ray and neutron diffraction studies.
43

 Indeed, these authors suggested that short range cation 

ordering can be explained using simple electro-neutrality arguments. Grey et al. have shown that 

layered mixed TM oxides, such as NCM-333, display a (√3x√3)R30 type of ordering (in Wood's 

notation) within the transition metal layer.
42

 A (√3x√3)R30 type of ordering is shown in Fig. 1b. 

The hexagon in the figure shows that in the (√3x√3)R30 cationic ordering, each type of cation is 

surrounded by triplets of other types of cations in an alternating fashion.   

 

 

Figure 1. (a) The supercell of NCM-523, Li atoms in green. (b) The (√3×√3) R30 ordering in 

NCM-333. The dark green colored line shows a √3 ordering.  

 

Weill et al. studied the cationic ordering of LiNi0.425Co0.425Mn0.15O2 using electron diffraction 

experiments and they confirmed the existence of a √3ahex×√3ahex superstructure.
59

 Meng et al. 

studied cation ordering in layered O3 LiNixLi1/3-2x/3Mn2/3-x/3O2 materials using electron 
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 8 

diffraction and powder XRD method, and these authors also found √3ahex×√3ahex superstructures 

in all samples.
60

 Additional studies have also shown a √3x√3 R30 type ordering in various 

layered cathode materials.
61-63

 

To elucidate the correct electronic structure and electrochemical properties, such as redox 

states, voltages and phase stability, of NCM-523 cathode materials, the thermodynamically most 

stable cationic orderings are required. Presently, to investigate the possible cationic ordering in 

lithiated NCM-523, we considered three types of in-plane TM orderings, namely linear, random 

and 3 -based ordering parameters for Co and Mn (Fig. 2).
35, 42

 Initially, we performed 

antiferromagnetic DFT calculations with several different linear, random and 3 -based 

transition metal arrangements. These preliminary calculations clearly suggested that structures 

with 3 -type ordering parameters are considerably more stable than structures with other types 

of arrangements, in agreement with earlier findings.
35, 42

 

To rigorously screen all viable structures, we generated all possible 3 -arrangements for Co 

and Mn (256 structures for our system setup), using an in-house code. In principle, all these 

structures could be scored using DFT calculations. However, such calculations are prohibitively 

expensive, due to the size of the in-silico systems (60 formula units, for a total of 240 atoms). 

Therefore, we adopted a funneled approach, wherein all structures were initially scored 

employing a classical force-field (see Methods and Supporting Information). On the basis of 

these atomistic calculations, we choose the 24 most stable 3 -structures for further 

consideration at the DFT level. In Fig. 2 we show the correlation between the DFT and force-

field energies for the 3 -structures, as well as selected linear and random arrangements. 
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 9 

Inspection of Fig. 2 suggests that supercell structures with 3 -type ordering parameters are 

more stable than linear and random arrangements, and are also close in energy (0.04-1.62 eV).  

 

 

Figure 2. The relative energies (eV) of NCM-523 structures with different ordering parameters 

using a classical forcefield and the PBE method. Only one transition metal layer is shown for the 

sake of clarity, although the calculations were performed on the full 60 formula units systems 

and all the calculations are performed on bulk cathode material only.  

 

The most stable structure shows large Ni-Mn clustering and long range Ni ordering. 

Interestingly, Grey et al. also found significant Ni-Mn clustering for Ni/Mn-rich NCM samples.
42

 

Thus, there is good agreement between the general features of the most stable structures 
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 10 

computed using our systematic approach and that of previously reported experimental data on 

other NCM materials. 

 

Structure 

The most stable structure found in the previous section was fully relaxed at the various Li-

compositions, and multiple Li arrangements were considered for every composition. In the most 

stable structures, the Li ions were found to be ordered with large Li-Li separations, resulting in 

minimum interlayer electrostatic repulsion. The relaxed structure of the most stable cationic 

ordering is shown in Fig. 2, and the accompanying lattice parameters are shown in Table 1. The 

calculated lattice parameters of lithiated NCM-523 are in good agreement with the experimental 

lattice parameters,
32

 albeit with a slight overestimation, as is typically the case with PBE and 

PBE+U functionals.
64

 For instance, the lattice parameters predicted by PBE for the completely 

lithiated state (a=2.89Å,c=14.29Å) are in good accord with the corresponding experimental 

values. However, the best agreement with experiment is obtained when including dispersion. 

This is particularly true for the c direction, indicating that dispersion is important for the correct 

description of interlayer interactions. 
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 11 

 

Figure 3. The c lattice parameter (Å) of LixNi0.5Co0.2Mn0.3O2 at different Li-intercalation 

levels. 

 a c a c c c a c  a c 

 PBE+U PBE PBE+U+D3 optPBE-vdW+U Exp. 
a
 

x=1.00 2.89 14.38 2.89 14.29 2.86 14.16 2.87 14.28 2.86 14.21 

x=0.75 2.86 14.55 2.87 14.46 2.84 14.27 2.85 14.39   

x=0.50 2.84 14.99 2.85 14.89 2.81 14.48 2.83 14.59   

X=0.25 2.83 15.30 2.83 15.12 2.80 14.54 2.81 14.42   

x=0.00 2.83 15.35 2.84 15.19 2.81 13.47 2.82 13.23   

a
 Experimental data from Ref. 

32
. 

Table 1. The calculated a and c lattice parameters (Å) for LixNi0.5Co0.2Mn0.3O2 at different Li-

intercalation levels. 

 

To appreciate the stability of any cathode material, it is important to understand the changes in 

lattice parameters on Li extraction. Inspection of Table 1 reveals that there is little change in the 
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 12 

lattice parameter a upon delithiation of LixNi0.5Co0.2Mn0.3O2. This may be ascribed to the fact 

that largely chemical covalent bonds are aligned along the a direction. Specifically, the slight 

reduction in a is due to changes in electrostatic interactions upon Li extraction and changes in the 

oxidation states of transition metals on de-intercalation. In contrast, the c lattice parameter shows 

considerable variation as a function of lithium content (Fig. 3), and this will be discussed below.  

To better understand the somewhat complex behavior for this lattice parameter, it may be 

instructive to first consider the simpler material, LiCoO2, for which considerable experimental 

and computational data is available. Experimentally, for LiCoO2, the c lattice parameter initially 

increases as the number of O-Li-O contacts decreases and repulsion between the metal oxide 

layers increases.
65

 Subsequently, at the last stage of delithiation (from x=0.25 to x=0.00), the c 

lattice parameter decreases and this has been ascribed to reduced repulsion between the metal 

oxide layers, and because of greater electron transfer from oxygen to the oxidized TM layer.
65, 66

 

This experimentally observed trend is not reproduced employing standard PBE and PBE+U 

methods,
67

 which predict a continuous increase in the c lattice parameter, and this may be 

ascribed to a lack of dispersion in these functionals. Similar monotonous trends for changes in 

the lattice parameters for LiCoO2 were obtained previously, where PBE overestimates the lattice 

parameters at the last stage of de-lithiation.
67

 We note that the LDA method reproduces the 

experimental trends in the changes in lattice parameters.
67

 Using LDA, Koyama et al. obtained 

lattice parameter trends in agreement with experiment for LiCoO2, LiNiO2, LiMnO2 and 

LiNi0.33Co0.33Mn0.33O2,
38, 68

 although the c-lattice parameters were underestimated. However, 

these LDA results may be considered somewhat fortuitous, as LDA is known to over-bind at 

short range,
69

 and this functional is not in general expected to outperform GGA methods.  
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 13 

In the current work on NCM-523, the PBE and PBE+U methods predict a continuous increase 

in the c lattice parameter, similar to that obtained for LiCoO2,
67, 70

 and this may be ascribed to a 

lack of dispersion in these methods.
70

 At the last stage of delithiation, with a diluted Li-ion layer, 

dispersive interactions become important, and hence the PBE and PBE+U methods 

overestimation c. To confirm the role of dispersion interactions in lattice parameter prediction, 

we applied dispersion corrections to the GGA and GGA+U methods. It is clear from Table 1 that 

predicted lattice constants using the optPBE-vdW+U (a=2.87Å,c=14.28Å) and PBE+U+D3 

(a=2.86Å,c=14.16Å) methods are close to the experimental values (a=2.86Å, c=14.21Å). 

Importantly, these methods show the expected decrease in the c lattice parameter at the last stage 

of delithiation. This conclusion is in agreement with the recent work of Aykol and Wolverton.
70 

Recently, Eames et al. also showed the importance of dispersion corrections in DFT calculations 

for layered LiFeSO4OH.
71

 They showed that the accuracy of voltages for the layered material 

can only be obtained by including dispersion corrections. As a final point, we mention that 

experimentally it is known that LiCoO2 and NCM-333 transform from the O3 phase to the O1 

phase on complete delithiation.
65, 66

 However, NCM-523 does not show this transformation.
31

 

Our calculations support the O3 phase stability of LiNi0.5Co0.2Mn0.3O2, predicting that the O3 

phase is stable by 26 meV/f.u. (formula unit) relative to the O1 phase at the PBE+U+D3 level 

(22 meV/f.u by PBE).  

 

Electronic Structure 

To understand the electrochemical red-ox and phase behavior of NCM-523 during the course 

of intercalation and de-intercalation, it is necessary to investigate the changes in the electronic 

structure at different (dis)charging stages.  
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To understand the redox process during the deintercalation process, we considered Li 

compositions of x=0.00, 0.25, 0.50, 0.75 and 1.00. In all calculations, we used the most stable 

structure found with our funneled classical-quantum approach with 60 f.u. Here, we discuss the 

change in electronic structure using the PBE level of DFT. The total density of states (DOS) and 

projected DOS (PDOS) at the PBE+U and PBE+U+D3 levels of theory are given in Fig. S1 and 

S2 of the Supporting Information. We note that the D3 dispersion correction is an empirical 

correction to the energy and hence changes the geometry of the optimized structure, but not the 

electronic structure directly.  

Figure 4 presents the PDOS of NCM-523 obtained at the PBE level of DFT. For x=1.00, the 

PDOS of NCM-523 clearly shows that even in the pristine material, Ni exists in two different 

charge states, corresponding to formal oxidation states of +2 and +3 (Fig. 4b). Inspection of this 

figure shows that Ni
+2

 and Ni
+3

 have electronic configurations corresponding to t2g
6
eg

2
 (high-

spin) and t2g
6
eg

1
, respectively (see also Fig. 6). Clearly, the exchange splitting of Ni

+2
 is 

significantly higher than that of Ni
+3

 due to a higher number of unpaired electrons in Ni
+2

. The 

Mn
+4

 corresponds to a t2g
3
eg

0
 high-spin configuration (see also Fig. 6), while the Co

+3
 ions 

represent an electronic configuration of t2g
6
eg

0
. As expected, for Co

+3
 there is no exchange 

splitting for the electronic states. The valence band maximum (VBM) is formed by Ni
+2

-eg and 

Ni
+3

-eg, whereas the conduction band minimum (CBM) primarily consists of Ni
+3

-eg states. At 

x=1.00, both the VBM and CBM consist primarily of Ni states. This strongly suggests that Ni is 

the most electrochemically active transition metal in NCM-523. Interestingly, similar results 

were obtained by Ceder et al.
39

 for NCM-333. These authors suggested that Ni represents the 

main charge compensation site, and Ni
+2

 oxidizes at the lowest potentials upon Li-

deintercalation. Our results for the local valence states of the metal ions suggest that in NCM-
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523 (in the pristine state), 60% of the Ni ions are in a +2 charge state and 40% of the Ni ions are 

in a +3 charge state. The average oxidation state of Ni is +2.4. Interestingly, our results are 

somewhat different to that of computational results of Kim et al. for NCM-523, who suggested 

that Ni is in a pure +2 state.
72

 The reason for this discrepancy is likely the more accurate TM-

composition employed in the current work. Indeed, Kim et al. considered a relatively small 12 

f.u. super cell, corresponding to a Ni:Co:Mn ratio of 6:3:3, in contrast to the current work, which 

employed a 60 f.u. super cell, facilitating an exact 5:2:3 ratio. We note that to accurately 

determine the local valence states of different Ni atoms, it is essential to maintain an atomic ratio 

exactly as in the experiments, and hence it is necessary to employ larger supercells in the 

calculations.  

Kim et al. also suggested that fractional occupancies of d states of Ni ions are higher in NCM-

523 than in LiNiO2.
72

 Based on our calculations, we attribute this to the presence of significant 

amounts of Ni
+2

 in NCM-523 (60.0%), compared to 0.0% in LiNiO2. Comparing the results for 

NCM-333,
39

 NCM-721
72

 and our results for NCM-532, we suggest that the oxidation states of 

Mn and Co remain invariant in these materials. Indeed, in Ni rich NCMs (LiNiCoMnO2; 

++=1), the change in TM charge distribution as a function of composition may be ascribed 

largely to changes in the oxidation states of Ni. As Ni acts as the main charge compensation 

metal, one can speculate that introduction of dopants might enhance the capacity of Ni-rich 

NCMs due to fine-tuning the amount of Ni
+2

 via charge compensation.  

The integrated PDOS (IPDOS) up to the Fermi level (Table S3), supports the deduced 

electronic structure. The difference in IPDOS between the up and down spins gives a rough 

estimate of the number of unpaired electrons. The difference in IPDOS for Ni
+2 

(1.33 a.u.) is 
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significantly higher than that of Ni
+3 

(1.15 a.u.). For Co
+3

 this difference is close to zero (0.01 

a.u.), while in the case of Mn
+4

 the difference in IPDOS is 3.22 (a.u.).  

 

Figure 4. Density of states of LixNi0.5Co0.2Mn0.3O2 at x=1.00 (a) total DOS (b) projected DOS 

using PBE. 
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 17 

 

Figure 5. Projected Density of States of LixNi0.5Co0.2Mn0.3O2 at (a) x=0.75, (b) x=0.50, (c) 

x=0.25 and (d) x=0.00 using PBE. 

 

For x=0.75, the PDOS of NCM-523 shows the existence of Ni
+4

, along with Ni
+2

 and Ni
+3

 

(Fig. 5a). The Ni
+2

 has the electronic configuration t2g
6
eg

2
 (high-spin), Ni

+3
 may be described as 

t2g
6
eg

1
, whereas Ni

+4
 as t2g

6
eg

0
 (Fig. 5a). As expected, there is some exchange splitting for both 

Ni
+2

 and Ni
+3

, but not for Ni
+4

. The occupancies of the Mn and Co states remain the same as for 

x=1.00. Interestingly, Ni
+2

-eg is slightly pushed away from the Fermi level, whereas Ni
+3

-eg is 

pushed towards the Fermi level. At x=0.75, the VBM primarily consists of eg states of Ni
+3

 and 

Ni
+4

, where the CBM consists of Ni
+2

 and Ni
+3

 eg states. This occupation of frontier states 
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 18 

suggests that at a x=0.75 intercalation level, both Ni
+2

 and Ni
+3

 are involved in the 

electrochemical redox process.  

 

 

Figure 6. Suggested electronic configuration for the transition metal ions in NCM-523 at 

different intercalation levels. 

 

The PDOS of NCM-523 clearly shows that at x=0.50 (Fig. 5b), Ni
+2

 has an electron 

distribution corresponding to t2g
6
eg

2
 (high-spin), Ni

+3
 has electronic configuration t2g

6
eg

1
, while 

Ni
+4

 is t2g
6
eg

0
. The Mn

4+
 configuration may be described as t2g

3
eg

0
, while for Co

+3
 the 

configuration is t2g
6
eg

0
. The VBM primarily consists of eg states of Ni

+3
 and Ni

+4
, whereas the 

CBM consists of Ni
+2

- and Ni
+3

-eg states. This occupation of frontier states suggests that at a 

x=0.50 intercalation level, Ni
+2

, Ni
+3

 and Ni
+4

 are all involved in the electrochemical redox 

process. 

For x=0.25 (Fig. 5c), Ni
+3

-eg is further pushed towards the Fermi level, and even crossing it. 

This suggests that the main redox reaction at this intercalation level is due to the pair Ni
+3

/Ni
+4

. 

Interestingly, Co
+3

-t2g is also pushed toward the Fermi level. Ni
+3

 is in a t2g
6
eg

1
 state, whereas 

Ni
+4

-t2g is fully occupied (t2g
6
eg

0
). The occupancies of the Mn

+4 
states remain the same as for 

x=1.00.  
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For x=0.00, the Mn
+4

-t2g orbitals are spin-singly occupied and the Mn
+4

-eg orbitals are spin 

doubly unoccupied (Fig. 5d). The Co
+3

 and Ni
+3

 orbitals have vanished, indicating the complete 

oxidation of Co
+3

 to Co
+4

 and Ni
+3

 to Ni
+4

. The Co t2g orbitals show exchange splitting with Co 

t2g spin-singly unoccupied (t2g
5
eg

0
). The Ni

+4
 t2g orbitals are fully occupied and the Ni-eg orbitals 

are fully unoccupied with no exchange splitting (t2g
6
eg

0
). At this intercalation level, the VBM and 

CBM consist of eg of Co
+4

 states only. 

 

Electrochemical Redox Behavior  

 To design new positive electrode materials and optimize the performance of existing ones, it is 

important to understand the electrochemical redox behavior of these cathodes on Li de-

intercalation. By inspecting the magnetic moments (see Fig. S3) and the electronic structure of 

NCM-523 we found that Ni is present in both +2 and +3 states in the pristine material. Fig. 7 

shows the changes in oxidation states on Li de-intercalation using the PBE and PBE+U 

functional. For x=1.00, the calculated magnetic moments on Ni atoms show that in the fully 

lithiated unit cell (60 f.u.) 18 out 30 Ni ions are in a formal +2 oxidation state (magnetic moment 

~1.7) and 12 Ni ions are in a +3 oxidation state (magnetic moment ~1.1) (Fig. 7). In a very recent 

study, Wei et al. reported a ratio of Ni
+2

:Ni
+3

:Ni
+4

 in pristine Li-NCM 523 of 3:2:0.
33

 Our results 

are in agreement with the reported data. The formal oxidation states of Co and Mn are found to 

be +3 (magnetic moment ~0.0) and +4 (magnetic moment ~3.2), respectively. On removal of Li 

to yield x=0.75, Ni
+2

 and Ni
+3

 oxidize to Ni
+3

 and Ni
+4

, respectively. At this intercalation level, 

Ni exists in +2, +3 and +4 oxidation states (Fig. 7). The calculated magnetic moments on Ni 

atoms show that at x=0.75, 5 of 30 Ni ions are in a +2 formal oxidation state (magnetic moment 

~1.7), 23 Ni ions are in a +3 oxidation state (magnetic moment ~1.1), while 2 Ni ions are in a +4 
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oxidation state (magnetic moment ~ 0.0). The noticeable increase in the number of Ni
+3

 and 

decrease in the number of Ni
+2

 ions during the x=1.00 to 0.75 transformation, suggest that a 

Ni
+2

/Ni
+3

 redox reaction is mainly involved in this range. For x=0.50, the calculated magnetic 

moments on the Ni atoms show that 1 of 30 Ni ions is in a formal +2 oxidation state (magnetic 

moment ~1.7), 16 Ni ions are in a +3 oxidation state (magnetic moment ~1.1), while 13 Ni ions 

are in a +4 oxidation state (magnetic moment ~ 0.0). At this stage most of the Ni
+2

 are oxidized 

to Ni
+3

 or Ni
+4

. Wei et al. have also reported the ratio of Ni
+2

:Ni
+3

:Ni
+4

 to be 0:3:2.
33

 A 

considerable decrease in the number of Ni
+2

 and Ni
+3

 ions suggests that Ni
+2

/Ni
+3

 and Ni
+3

/Ni
+4

 

redox reactions are occurring in the 0.50 ≤ x ≤ 0.75 range. For x=0.25, all Ni
+2

 are oxidized, 3 Ni 

ions are in a +3 state, and 27 Ni ions are in a +4 oxidation state. The decrease in the number of 

Ni
+3

 ions suggests that Ni
+3

/Ni
+4

 constitute the active redox pair for 0.25 ≤ x ≤ 0.50. For x=0.00 

all transition metals oxidize to a +4 oxidation state. At this intercalation level a Ni
+3

/Ni
+4

 redox 

reaction is mainly responsible for the electrochemical activity (0.00 ≤ x ≤ 0.25). We note that 

inspection of Fig. 5 clearly shows that the DOS at the Fermi level for LixNi0.5Co0.2Mn0.3O2 

consists solely of Ni and Co states at all intercalation levels, with the former ion making the 

major contribution. Mn remains fixed in a +4 oxidation state. Therefore, we conclude that Ni is 

mainly responsible for the electrochemical properties of this material. Using X-ray photo 

electron spectroscopy Kim et al. have also demonstrated the existence of Ni
+2

, Ni
+3

and Mn
+4

 in 

the pristine material.
72

 

In Fig. 8 we present the differential capacity plots measured for NCM-523 electrodes at a C/5 

rate (30
0
C), demonstrating clearly oxidation/reduction waves related to Ni

2+
 Ni

3+
 Ni

4+ 
 and 

Co
3+
 Co

4+
 processes in the potential range of 3.7 – 3.8 V and at higher potentials, respectively. 

These processes accompany the Li-ions extraction/insertion during charge/discharge of NCM-
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523 electrodes. This is in agreement with the recent study by Wang et al.
73

 We note that the 

differences in the oxidation and reduction waves seen in Fig. 8 are likely due to more sluggish 

kinetics of the Ni
4+

/Ni
2+

 reduction process compared to the oxidation of Ni
2+

/Ni
4+

. A possible 

reason for the more sluggish kinetics of the Ni
4+

/Ni
3+

/Ni
2+

 reaction concomitant with the Li
+
 

intercalation, can be a complex (and resistive) structure of an interface (SEI) formed. Such an 

interface may contain Ni
4+

 and Ni
3+

 species, like NiO2, spinel phase LixNi2O4, rock-salt Li1-

xNixO and NiF4 from which the reduction reaction is deteriorated due to the increased interfacial 

impedance.
73

  

 

Figure 7. Oxidation states for different transition metals of LixNi0.5Co0.2Mn0.3O2 at x=1.00, 

x=0.75, x=0.50, x=0.25 and x=0.00. 
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Figure 8. Typical differential capacity plots measured for NCM-523 electrodes cycled at a C/5 

rate in a Li-cell with EC-EMC/LiPF6 solution at 30
0
C. The top x-axis represents the amount of 

lithium (x in Li1-xNi0.5Co0.2Mn0.3O2) upon the electrode’s charging. 

 

Electrochemical Stability 

 The structural stability of cathode materials during delithiation is crucial for the 

application of metal oxides as successful cathode materials. Indeed, structural instability may 

cause rapid capacity fading. For example, charging LiCoO2 at high voltages results in positive 

potential shifts at the anode and subsequent oxygen loss with further structural transformations.
22

 

This issue limits practical reversible capacity of LiCoO2 due the instability of the host structure 

at higher voltages. For many cathode materials, lower operation potentials are suggested to avoid 

structural transformation at higher voltages. During the de-intercalation process the oxidation 

states of transition metals vary. This variation in oxidation states may also cause structural 

instability, leading to structural transformations at intermediate Li loading. A solid solution with 
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uniform distribution of Li ions at partially de-intercalated states could provide the desired phase-

stability upon the dynamical process of delithiation and avoid phase separation into fully 

intercalated and fully de-intercalated phases. To thermodynamically characterize the structural 

stability of partially de-intercalated states, Van der Ven et al. defined the formation energy as:
74

 

 

2 2 2( ) ( ) (1 ) ( )F xE E Li MO xE LiMO x E MO        (1) 

 

where 2( )xE Li MO  is the total energy (per formula unit) of partially de-intercalated states, 

2( )E LiMO  is the total energy of fully intercalated states and 2( )E MO  is the total energy of fully 

deintercalated states. Determination of the correct ordering of Li ions and vacancies in the Li 

layers is very important for computation of accurate formation energies. Therefore, we 

performed various calculations of Li ordering at different deintercalation levels. The lowest 

energy structures (i.e. optimal Li ion distribution) were employed for the calculation of the 

formation energy.  
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Figure 9. Calculated formation energies of LixNi0.5Co0.2Mn0.3O2 at different deintercalation 

levels. 

 

The formation energy at a particular concentration of Li indicates the relative stability of that 

structure with respect to the phase-separated species. Negative formation energy suggests that at 

a given concentration of Li, the system prefers to reside in the solid solution state rather than 

phase separate into MO2 and LiMO2. Fig. 9 shows the formation energies of LiNi0.5Co0.2Mn0.3O2. 

It is clear from Fig. 9 that the formation energies of partially intercalated states are negative for 

NCM-523, and hence predict a solid solution behavior. We note that all methods employed in 

this study predict negative formation energies, although the magnitudes of the PBE+U based 

methods are significantly lower than that of the PBE based methods. The different formation 

energies obtained with addition of U to the PBE method can be attributed to three possible 

reasons. Firstly, the electron correlation in AxCoO2 (A=Li, Na)-based materials changes as a 

function of intercalation level.
75-78

 Secondly, as a result of varying contribution of electron 

correlation as a function of alkali-ion content, the Hubbard U-parameter should depend on the 

intercalation level (i.e. U should depend on the oxidation state of the TMs). However, this would 

preclude comparing the energies at the different intercalation levels. Lastly, it was shown 

experimentally
79, 80

 and theoretically
81

 that in the de-intercalation process of LixCoO2-based 

systems, delocalized electrons on oxygen atoms play a significant role. However, the PBE+U 

method artificially localizes electrons on TMs instead of on oxygen atoms. Due to the above 

reasons we propose that GGA based methods are more appropriate for the calculation of 

formation energies. It is noteworthy that inclusion of the D3 dispersion correction slightly 
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reduces the absolute value of the formation energy, while inclusion of dispersion in the form of 

the optPBE-vdW functional has little effect on the computed formation energy. 

 

 

Average intercalation Voltage 

The intercalation reaction of NCMs can be given as: 

Li(x1-x2)NCM + x2Li(bulk)      Lix1NCM    (2) 

The average intercalation voltage depends on the chemical potential of the above reaction. The 

cell voltage V can be expressed as:
82

 

V (x) =
m
Li x( )
cathode -m

Li

anode

F
      (3) 

where
anode

Li  is the chemical potential of the alkali anode, and usually bulk metal is chosen as the 

anode and F is Faraday’s constant. Then the average voltage can calculated as:
83

 

V =
E(Li

x+dx
NCM )- E(Li

x
NCM )

dx
-E(Li

bcc
)

ì
í
î

ü
ý
þ

    (4) 

where E( Li
x+dx
NCM ) and E( Li

x
NCM ) represent the total energy per formula unit of the system 

before and after lithium de-intercalation. Various vacancy configurations were constructed, and 

we choose the most stable one for our considerations. We note that the calculations model states 

at thermodynamic equilibrium and mimic experimental voltage profiles obtained at a slow 

galvanostatic rate. The intercalation potentials using the PBE and PBE+D3 methods show trends 

comparable to the experimental results, although the absolute values are consistently 

underestimated relative to the experimental values (Table 2). Hence, shifted PBE voltages for 

NCM-523 show very good agreement with the experimental data (Fig. 10),
32

 and we note that 
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such shifting is commonly applied.
35

 The absolute average voltages using the PBE+U method 

(Table 2) are in better agreement with the experimental voltages (~4.2 V) than PBE, but PBE+U 

is less successful in reproducing the fine details in the trends of the experimental voltages (Fig. 

10). Dispersion correction in conjunction with U (PBE+U+D3 and PBE+U'+D3) slightly 

increases the average voltages, while showing only a slight increase in voltages with Li de-

intercalation. The PBE+U functional with built-in dispersion (optPBE-vdW+U and optPBE-

vdW+U') gives higher voltages compared to PBE+U, but shows similar voltage trends as 

obtained with the PBE+U method. The relatively poor performance of the PBE+U method in 

computing voltage profiles in layered NCM can be attributed to the same factors as for the 

calculation of formation energies: change in electron correlation as a function of intercalation 

species,
75, 77, 78, 84

 dependence of the optimal U on the TM oxidation state, and the artificial 

localization of electrons on TM centers rather than on oxygen atoms.
81

 Singh et al. have recently 

shown that for weakly correlated systems such as Co3O4, the PBE method outperforms PBE+U 

in the prediction of electronic structure when compared to hybrid functionals like HSE06 and 

experiments.
85

 Recently it was shown that despite the overestimation of average voltages, GGA 

predicts good voltage trends in LiCoO2 compared to experimental data, and performs as well as 

hybrid functionals (e.g. HSE06) with optimized mixing parameters, whereas GGA+U fails to 

predict correct voltage trends.
81

 The above discussion suggest that GGA based methods, such as 

the PBE functional, may be more appropriate for voltage calculations in layered LiCoO2 based 

systems.     
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Figure 10. Calculated and experimental intercalation potentials for LixNi0.5Co0.2Mn0.3O2 at 

different delithiation levels. GGA values are shifted
35

 by 0.9 eV and GGA+D3 are shifted by 0.6 

eV. The black line represents the experimental data from Ref.
33

. The experimental data are 

plotted by considering a specific capacity of 250 mAh/g in the fully delithiated limit.    

 

Intercalation 

Range
a
 

Average Voltage(V) 

PBE PBE+U PBE+U' PBE+D3 PBE+U+D3 PBE+U'+D3 optPBE-

vdW+U 

optPBE-

vdW+U' 

x=0.0-0.5 3.57 4.10 4.16 3.82 4.28 4.36 4.41 4.48 

x=0.5-1.0 2.89 3.87 3.96 3.28 4.20 4.29 4.17 4.26 
a
 x in LixNi0.5Co0.2Mn0.3O2 

Table 2. The calculated average voltages (V) for LixNi0.5Co0.2Mn0.3O2 in different Li-

intercalation ranges. 
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Li Diffusion 

High Li-ion diffusion rates are key for the power density of the cathode. Usually the 

power density of LIBs is limited by the cathode component, i.e. by the Li-ion diffusion kinetics. 

Importantly, the kinetics of ion diffusion can be fine-tuned based on an understanding of the 

various ion diffusion pathways. For Li-ion batteries, the rate of diffusion along a certain path 

depends on many factors such as the structure of the host, electrostatic and steric interactions 

between the ion and the host at the initial and transition states, as well as the number of 

vacancies.
86

 The rate of ion diffusion can be computed within the framework of transition state 

theory by  

‡
TS

EB

IS

k T Q
k e

h Q

     (5) 

where h is Plank’s constant, b = k
B
T( )

-1

, kB is Boltzmann’s constant and T is the temperature, 

and Q
M

IS
 and Q

M

TS
 are the partition functions in the initial state (IS) and the transition state (TS), 

respectively. The ratios of partition functions can be given as: 

 

Q
TS

Q
IS

=
h

k
B
T

´

v
i

i

3N-6

Õ

v '
i

i

3N-7

Õ

     (6) 

where iv and 'iv are the vibrational frequencies of the IS and the TS, respectively. The diffusion 

constant can be written as:  

k =w ´e-bDE‡

    (7) 
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where w =

v
i

i

3N-6

Õ

v '
i

i

3N-7

Õ

 is the hopping frequency, which determines the difference in the entropy of the 

IS and TS. The hopping frequency has a magnitude in the order of a single phonon frequency. A 

reasonable approximation for  is 10
13

 sec
-1

.
87

 Diffusion rate is then given by: 

     2kl                                             (8) 

where l is the concentration coefficient (ion diffusion length).  

 Li diffusion in layered LiCoO2 was first studied by Van der Ven et al.
87

, and they found two 

distinct Li migration pathways, which they dubbed oxygen dumbbell hop (ODH) and tetrahedral 

site hop (TSH).  

  

Figure 11. Li diffusion paths for fully lithiated LixNi0.5Co0.2Mn0.3O2 (a) ODH path (b) TSH 

path (c) top view of ODH path (d) top view of TSH path. Color code for spheres: Red – oxygen 

atoms, green – Li atoms, grey – Ni atoms, pink – Mn atoms. Yellow spheres indicate NEB 

images for the Li atoms. Only Li migration part of the system is shown for clarity, although the 

calculations were performed on the full 60 formula units systems.  
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Figure 11 shows the ODH and TSH diffusion paths of Li in LiNi0.5Co0.2Mn0.3O2. Careful 

examination of both paths suggests that for a mono vacancy scenario, only the ODH pathway is 

viable.
87

 This is due to electrostatic repulsion between migrating Li ions and occupied site Li 

ions. Indeed, we observe a short distance (R(Li-Li)=2.4 Å) between the migrating ions and 

neighboring ions at the TS. However for the divacancy scenario, an additional neighboring Li-

site is unoccupied, and hence the migrating atom can pass via both a dumbbell hop and a 

tetrahedral site.  

Three main interactions of the migrating ions at the TS of the ODH pathway are Li-M 

(with the transition metal, Ni
+2

, in the transition metal layer), Li-Li' (migrating Li ion feels 

electrostatic repulsion with a neighboring Li' atom) and Li-O interaction at the dumbbell site 

with short Li-O distances (1.79 and 1.82 Å). Therefore, due to strong steric hindrance, one would 

expect a large ion diffusion barrier for Li
+
 along the ODH pathway. Our NEB calculations 

confirm this hypothesis, and indeed we find a barrier of 0.50 eV for Li
+
 diffusion along this 

pathway (Fig. 12a). Van der Ven et al. found a Li
+
 diffusion barrier of 0.82 eV for Li diffusion in 

LiCoO2 along the ODH pathway.
87

 In LiCoO2, Co is in a +3 oxidation state, and hence possesses 

greater electrostatic repulsion with Li
+
 than Ni

+2
 (in NCM-523). Additionally, the interlayer 

distance in NCM-523 is larger than that of LiCoO2, providing a more spacious diffusion pathway 

than in LiCoO2. Kang et al. have previously shown a linear increase in the diffusion barrier with 

decreased c lattice parameter values.
88

 Indeed, they showed that a 4% decrease in the c lattice 

parameter increases the Li diffusion barrier by more than 200%.
88, 89

 We therefore ascribe the 

lower diffusion barrier in NCM-523 than in LiCoO2 to a combination of steric and electrostatic 

effects. Using classical molecular dynamics, Li et al. found a Li diffusion barrier of 0.56-0.63 eV 
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for Li NCM-333.
90

 Our results are similar to their findings, in spite of the different material 

composition. We note that a lower barrier for Na diffusion in NaNCM-333 compared to NaCoO2 

has been shown recently.
91

 

 

Figure 12. Li diffusion barrier profiles for the (a) ODH path (b) TSH path in 

LiNi0.5Co0.2Mn0.3O2. 

 

We now turn our attention to the TSH pathway, and note that the main requirement of 

TSH pathways is the availability of Li di-vacancies to allow Li migration via a tetrahedral 

intermediate. In the TSH pathway, the interactions between the migrating Li ions and the host 

matrix are similar than that of ODH pathway, but the presence of a di-vacancy minimizes the 

repulsion between the migrating Li. Consequently, ions can hop through tetrahedral intermediate 

sites without passing through sterically constrained oxygen dumbbell sites. This results in a 

significant lowering of the barrier for the TSH pathway. Ong et al. have recently reported an ion 

diffusion barrier of 0.21 eV for Li diffusion in LiCoO2 via a TSH diffusion pathway using a 

5x5x1 supercell.
57

 As speculated, our computed Li diffusion barrier (Fig. 12b) for the TSH 

pathway (0.12 eV) is found to be lower than that of the ODH pathway. Interestingly, the TSH 

barrier for NCM-523 is lower than that of LiCoO2 because of the weaker repulsive Li
+
-Ni

+2
 

interactions at the transition state (compare with Li
+
-Co

+3
 in LiCoO2) and a larger c lattice 
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parameter of NCM-523. Based on the lower Li diffusion barrier of NCM-523, we suggest that 

NCM-523 has better rate capabilities compared to LiCoO2. We also note that unlike LiCoO2, the 

minimum energy diffusion profile for NCM-523 is asymmetrical because of anisotropy in the 

potential energy surface due the changing environment during Li migration (Li
+
-O-Ni

+2
, Li

+
-O-

Co
+3

 and Li
+
-O-Mn

+4
). The maxima of the TSH pathway correspond to the NEB images with 

smallest O-Li-O average distances. 

Surprisingly, some recent studies employing the GGA and GGA+U functionals have 

reported significantly higher diffusion barriers for the TSH pathway than that observed here, e.g. 

for NaCoO2 (0.35 eV)
91, 92

, Na-NCM-333 (0.29 eV)
92

 and Li-NCMs (0.35 for neighboring 

Ni
+2

).
33

 We note that in the above stated studies the predicted c lattice parameters were lower 

than that of corresponding experimental values. The high Li/Na diffusion barriers in the above 

stated studies might be due to too low c lattice parameters.  

In NCM based layered materials in the high lithiation limit, Li migration primarily 

follows an ODH pathway.
33

 Our computed diffusion rate at 300 K, for the ODH pathway 

(3.6×10
-11

 cm
2
/sec) is found to be in good agreement with the experimental Li diffusion 

coefficient for  NCM-523 (e.g. 4.64×10
-11 

cm
2
/sec

93
  and 1.55×10

-12
 cm

2
/sec

30
) in the fully 

lithiated limit. We find that for TSH pathways the diffusion rates are quite high, as high as 

8.6×10
-5

 cm
2
/sec. We note that as the first principle calculations are performed on idealized bulk 

cathode materials at thermodynamic equilibrium, as is usually the case, the current study can 

only mimic a single, slow C-rate. However, Li diffusion barriers in layered materials strongly 

depend on Li concentration due to changes in oxidation states of TMs on de-intercalation.
87

 

Since Li ion vacancies repel each other, it is less likely that structures will contain solely di-

vacancies, except at very low lithiation limits. Thus, the net diffusion rate in partially delithiated 
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states likely contains contributions from both TSH and ODH pathways, depending upon 

availability of di-vacancies near the migrating ion.    

 

Conclusions 

In this paper, we present a systematic study of NCM-523 for use in Li-ion batteries. We 

present a procedure to elucidate the lowest energy cationic ordering using a funneled multi-scale 

approach. We show that the PBE and PBE+D3 methods reproduce the experimental trends of 

intercalation potentials better than that of PBE +U, while dispersion corrections (i.e. D3) are 

essential to correctly describe the change in the c cell parameter during Li-intercalation. The 

formation energies of partially de-intercalated states of NCM-523 suggest solid solution behavior 

during the de-intercalation cycles. We also show that the Li diffusion rate in NCM-523 is 

significantly lower than that of LiCoO2 for both ODH and TSH pathway. Our results of Li 

diffusion are in good agreement with the experimental diffusion coefficients. The results of the 

electronic structure clearly confirm the active role of Ni in the electrochemical redox process. 

We also show that Ni oxidizes first, followed by Co, while Mn remains inactive during the 

lithium ion deintercalation in NCM-523.  
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electronic structure of NCM-523 obtained using PBE +U and PBE +U+D3 methods and changes 

in average magnetic moments of TMs of NCM-523 as a function of Li concentration.  
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TOC figure 

 

The cation ordering, thermodynamics and diffusion kinetics of LiNi0.5Co0.2Mn0.3O2 (NCM-523) 

are studied using multi-scale funnel approach with vdW corrections.     
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