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Abstract: Lithium-ion based rechargeable batteries are con-
sidered among the most promising battery technologies
because of the high energy- and power-densities of these
electrochemical devices. Computational studies on lithium
ion batteries (LIBs) facilitate rationalization and prediction of
many important experimentally observed properties, includ-
ing atomic structure, thermal stability, electronic structure,
ion diffusion pathways, equilibrium cell voltage, electro-
chemical activity, and surface behavior of electrode materials.
In recent years, Ni, Co and Mn-based (NCM) layered

transition metal oxide positive electrode materials (LiNi1-x-
yCoxMnyO2) have shown tremendous promise for high-energy
density LIBs, and these NCM-based batteries are effectively
commercialized. Here, we present an overview of recent
theoretical work performed using first principles density
functional theory on these layered cathode materials. This
short review focuses on recent computational efforts of
popular NCMs with increasing Ni content, ranging from
NCM333 to NCM811.
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1. Introduction

An ever-increasing global demand for energy, continuous
depletion of conventional fossil fuels, and increasing produc-
tion of CO2 necessitate the development of efficient green and
renewable energy sources.[1] Although the renewable energy
sources, such as solar, wind, and tide can contribute to our
current global energy needs to a significant extent, the energy
production from these resources depends on the climate and
geographical changes.[1a,b,d–f] Thus, the practical application of
these naturally available resources is limited and not equally
applicable everywhere.

Among various promising and environmental-benign en-
ergy resources developed so far, rechargeable battery technol-
ogy is the most sought-after due to its portability, good energy
and power density, cost-effectiveness, and safety properties
compared to other energy sources.[1c,f,2] Lithium ion batteries
(LIB) have been successfully commercialized for portable
electronic devices since 1991.[3] The superior electrochemical
performance of LIBs in comparison to other rechargeable
batteries are largely due to the special properties of Li: small
size and a low reduction potential (� 3.04 V with respect to
standard hydrogen electrode).[4] The importance of LIB is
underscored by this year’s (2019) Nobel prize in chemistry,
which was awarded to Prof. J. B. Goodenough, Prof.
M. Stanley Whittingham, and Prof. Akira Yoshino for their
contribution to development of rechargeable LIBs.

Li intercalated transition metal (TM) oxide-based electro-
des and graphitic electrodes with alkyl carbonates are widely
used as cathode, anode and electrolyte materials, respectively,
in LIBs.[3a,b,e,f,5] Though, Li metal anode can provide high
specific capacity, the safety issues associated with this anode
due to dendrite formation prevent the use of this anode.[5m,6]

Commonly used graphite anodes have been studied exten-
sively, and have a capacity that is close to the theoretical
one.[7] Therefore, most studies on LIBs in recent years have
focused on the development of cathode materials.[3e,f,h–j,5a,d–h,j,k,8]

Based on the crystal structure, cathode materials for LIBs
can be classified into layered, spinel, olivine, and polyanionic
fluoro-phosphate, tavorite materials.[3e,9] Among these, layered
cathode materials are currently most promising due to their
high energy density, as exemplified by the commercialization
of several LIBs with layered cathodes.[3d,e,8c] The general
formula for layered cathode materials belonging to the R-3m
space group is LiMO2, where M is a transition metal, with an
α-NaFeO2-like structure.[9a,10] LiMO2 consists of alternating
layers of Li and M within a tetrahedral or octahedral arrange-
ment of oxygen atoms.

In 1980, Goodenough introduced one of the basic LiMO2

materials, LiCoO2 (LCO),[11] which was later commercialized
by Sony.[3d] LCO has a theoretical capacity of 274 mAhg� 1 but
the practical capacity of this material was found to be about
half of this (135 mAhg� 1 in a voltage window of 3.0–
4.2 V).[3f] Moreover, LCO was found to undergo significant
capacity fading on cycling.[3j,12] Another crucial issue associ-
ated with this material is the low abundance and high cost of
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Co. These drawbacks of LCO led to the development of
comparatively cheaper Ni-based LiMO2 material, i. e. LiNiO2

(LNO).[13] The theoretical capacity of LNO is comparable
(275 mAhg� 1) to LCO but its practical capacity (150 mAhg� 1
in a voltage window of 2.5–4.2 V) was found to be higher
relative to LCO.[3e,13b,14] However, LNO also suffers from poor
cycling performance, ascribed to structural changes occurring
during charge-discharge. Moreover, LNO materials are known
to have anti-site defects known as cation disorder, where some
of the Ni atoms from the TM layer migrate to the Li-layer due
to the comparable size of Li+ and Ni2+ ions.[8b,15] The presence
of Ni in the Li-layers adversely affects Li-diffusion.[8a,16]
LiMnO2 (LMO) is another basic well studied LiMO2 material,
with the advantage that Mn is relatively cheaper than both Ni
and Co. This material has a theoretical capacity of
285 mAhg� 1 and a practical capacity of 200 mAhg� 1 (in a
voltage window of 2.5–4.3 V).[3e] However, LMO undergoes a
layered structure to spinel transition during cycling, which in
turn results in very rapid capacity fading.[5d,17] Moreover, the
formation of spinel structure divides the operational potential

into two domains (either lower or higher potential only) due to
the Jahn-Teller distortion-assisted structural changes for
continuous potential window.[18] This reduces the practical
capacity of LMO to half in each voltage window (<
120 mAhg� 1). In addition to this, Mn ions in LMO were found
to migrate to the anode and has an adverse effect on the
electrode passivation layer.[19] Among these three basic layered
materials, LCO and LNO have a R-3m rhombohedral structure,
whereas LMO has a Pmmn orthorhombic structure.[9a,10]

In order to improve the electrochemical performance of
basic LiMO2 materials, mixing of different transition metal
oxides to form binary and ternary TM oxides was found to be
a good strategy.[8b,20] Among various mixed transition metal
oxide materials developed as cathodes for LIBs, the ones with
Ni, Co and Mn (NCM) and Ni, Co and Al (NCA) were found
to be very promising.[3f,5k,8b] These materials have a practical
capacity of 200–210 mAhg� 1 (in a voltage window of 3–
4.3 V).[3f,5k,8b] In these mixed transition metal oxides, Ni, Co
and Mn/Al are chosen due to their ability to improve capacity,
charge-discharge kinetics and structural stability,
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respectively.[21]
NCM and NCA materials with varying Ni, Co and Mn/Al

have been studied over the years.[3f,8b] These studies indicate
that Ni-rich materials are ideal candidates for high-capacity
batteries.[3f,5d,f,k,8b,21–22] However, charge-discharge kinetics and
material stability of these materials remains a concern, as for
LNO, and large numbers of studies have been devoted to
understanding capacity fading in Ni-rich NCMs and NCAs.[23]
The maximum efficiency of NCM cathode materials are found
to be affected by Li� Ni exchange, phase transition, crack
propagation, and oxygen evolution. The crucial factors for
these phenomena are the Ni concentrations and depth of
charge.[24] Doping and surface coating are two widely used
strategies for improving the structural stability as well as
electrochemical properties of these materials.[3f,5d,k,25] Various
dopants such as Al, Ag, Mg, W, Ti, Nb, Ta, B, Mo, and Zr
have been used in layered cathode materials to improve their
properties.[25b,26]

Computational studies play an important role in the
development of these electrode materials for battery
applications.[9b,27] Various properties such as structure, elec-
tronic structure, voltage, ion diffusion, thermal and electro-
chemical stability, oxidation state of TM ions, effect of doping,
and surface properties can be calculated using various
computational approaches.[9b,21b,25g,26f,l,27a–d,28] Density functional
theory (DFT) based computations have been very successful in
reproducing and predicting experimental observations and
have been used for studying properties of cathode materials,
especially of layered materials, since the late 1990s.[27d] The
constant increase in computational facilities and new develop-
ments in the field of computational chemistry over the years
have made in silico-assisted design of cathode materials an
important research direction.

Excellent reviews focusing on the role of computational
studies on the development of electrode materials can be found
elsewhere.[9b,27a,d,e,29] In this review, we focus only on computa-
tional studies reported on NCM materials, with special focus
on our own work. Here, we will discuss several important
properties of different NCMs, such as ionic structure,
electronic structure, voltage profiles, ion diffusion, doping and
surface properties and computational approaches used to
obtain these properties.

2. Properties of NCM

2.1 Structural Properties

The structure of layered metal oxide cathode materials has a
prototype of α-NaFeO2.[5a,10,20a,30] Li-based layered metal oxides
have rhombohedral structure with space group R-3m, where Li
and TMs are arranged in alternating layers in perpendicular
direction to its plane.[5a,10,20a,30] In NCM layered materials, one
of the greatest challenges for theoreticians and experimentalist
alike is to determine the proper distribution of Ni, Co, and Mn

TMs in the layers. In the following, we discuss computational
approaches for finding the structures of different NCMs.

2.1.1 Methods

Different computational methods to determine the ionic
structure of layered materials have appeared in the literature,
such as cluster expansion (CE) or classical simulations like
Monte-Carlo simulated annealing (MCSA).[9b,31] The CE
method is based on the Ising model and lattice sites are
described by different possible clusters, like monomers,
dimers, trimers, etc. and the interaction between these clusters
contribute to the total energy of the system.[31b,c] Molecular
mechanics (MM) or classical force fields (FF) are cost-
effective ways to model ionic distribution, in conjunction with
classical simulation techniques.[9b,32] DFT can also be used to
score different layered structures, but is often limited to a
relatively small number of ionic configurations due to the high
computational cost.

2.1.2 Structure of NCM

Pristine NCM with equal concentration of Ni, Co and Mn
(NCM333, LiNi0.33Co0.33Mn0.33O2) in the fully lithiated limit
conforms with the R-3m space group and there are several
possible distribution of the TMs, as found from computational
and NMR spectroscopy studies.[33] Different groups showed
[
p
3×
p
3] R30° structures in the TM layer of NCM333 (see

Figure 1(a)).[30c,33b] It was found that DFT within the GGA and
hybrid HSE06 approximations give good agreement with
experimental lattice parameters (a=b=8.56 Å and c=

14.23 Å) of NCM333.[34] Dixit et al. used a funneled search
approach to find the lowest energy ionic configurations and
found patterns very similar to [

p
3×
p
3] for NCM523,

NCM622, NCM811, as shown in Figure 1 (b), (c), and (d),
respectively.[21b,26f,l,28d] We note that for Ni-rich materials it is
challenging to find exact [

p
3×
p
3] patterns similar to

NCM333, since the concentration of Co, Mn is relatively low
compared to the concentration of Ni.

It is important to note that the change in lattice parameter c
shows a characteristic dip with delithiation but standard
methods like PBE and PBE+U can’t reproduce this behavior,
whereas PBE and PBE+U with dispersion corrections, as
well as the newly developed SCAN functional can properly
describe it.[26l,28d,35]

2.2 Electronic Structure

The physical and chemical properties of a material system are
largely determined by its electronic structure. Density of states
(DOS) has been known to reveal fine electrochemical details
of materials.[28d,35]
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2.2.1 Methods

DFT is currently the best choice for calculation of the
electronic structure of cathode materials. The limitation of
DFT is confined to the exchange-correlation (xc) interaction
between electrons. Different popular xc functionals, such as
LDA and GGA are known to underestimate some of the key
properties like band gap, magnetic moment, voltage, and
change in lattice parameter c with delithiation However,
addition of a Hubbard parameter to GGA (i. e. GGA+U) with
dispersion corrections, as well as the newly developed SCAN
meta-GGA functional perform better for these key
properties.[35–36] We note that the choice of the Hubbard U
parameter is crucial for the calculation of properties of NCM
cathode materials.[35,37] The commonly applied effective U
parameters for Ni, Co and Mn are 5.96, 5.00 and 5.10 eV,
respectively. For dopants, such as for Mo, the applied effective
U is 5 eV.[21b,26b,f,28d,38]

2.2.2 Electronic Structure of NCM

From calculation of the electronic structure, we can readily
identify the spin state of the TMs in NCM.[21b,26b,l,28d] In pristine
NCM, Ni ions are present in three different oxidation states,
e. g. 2+ , 3+ , and 4+ . Co ions are usually found in a low
spin (LS) state and mostly in a 3+ oxidation state.[21b,26b,l, 28d]
Mn ions usually exist as 4+ in a high-spin (HS) state.[21b,26b,
l,28d] It is also important to note that antiferromagnetic spin
configurations of TMs are usually more favorable than
ferromagnetic configurations.[21b,26b,l,28d] The DOS of NCM333,

NCM523, NCM424, NCM622, and NCM811 reveal that Ni
ions are likely more chemically active than Co and Mn since
Ni-3d states appear near the Fermi level and are hybridized
with O-2p.[21b,26b,l,28d] Co-3d states are far from the Fermi level
and show diamagnetic nature. It is also important to note that
the amount of Ni3+ ions increases with increasing Ni content
in NCMs while Ni2+ ion content decreases (Figure 2A).
However, the presence of Jahn-Teller active Ni3+ ions could
enhance the instability of the Ni-rich NCM.

Dixit et al. compared the electronic structure of different
NCMs and found that the contribution of the Ni-t2g states
increases with Ni concentration in NCMs (Figure 2B). Based
on the analysis of the DOS the authors revealed that the
contribution of the Ni-eg states decreases with increasing Ni
concentration (Figure 2B, from NCM424 to NCM811). Addi-
tionally, the authors suggested that the metal-oxygen cova-
lency increases with Ni content in Ni-rich NCMs, due to a
shift of the Ni-bands toward the oxygen 2p bonding bands
(Figure 2B, orange box) and an increase in the Ni character in
the oxygen 2p-bonding peaks.

We note that the layered cathode materials, namely
LiCoO2, LiNiO2, LiMnO2, have band gaps of 2.7, 0.4 and
1.64 eV, respectively, and NCM333 or NCM424 have sim-
ilarly small band gaps.[39] The band gaps of NCMs decrease
with increasing Ni-content, as observed from DOS shown by
Dixit et al. and Sun et al.[21b,40]

It was also demonstrated that in mixed transition metal
oxides (such as NCMs), the electronic structure calculated
using the PBE+U method (using the U values adopted for
single TM oxides) shows large contribution of oxygen ions
near the Fermi level (Figure 3), whereas TM d-states were

Figure 1. Pattern of distribution of Ni, Co, Mn in (a)NCM333, (b) NCM523, (c) NCM622, (d) NCM811. Color codes for spheres: Ni-Grey, Co-
Blue, Mn–Magenta, O-Red (Reproduced from Ref. [21b,26l, 28d] with permission from the Royal Society of Chemistry and American Chemical
Society).
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found to be located considerably below the Fermi level, which
is at odds with the electrochemical activity of these materials
and classical TM redox behavior.[26f]

2.3 Intercalation Voltage

2.3.1 Methods

The intercalation voltage of a battery for a particular
composition x is calculated from the difference in chemical
potentials of anode and cathode using the following
expression:[28a,b]

V xð Þ ¼
manode xð Þ � mcathode xð Þ

z � F

Here, manode and mcathode are the chemical potentials of the
anode and cathode, respectively, z is the number of charge
units transferred, and F is Faraday’s constant. Since the energy
density of the battery depends on the voltage, as well as the
stability of the electrolyte, identification of cathode materials
with high open circuit voltage (OCV) is crucial for the
development of high energy density batteries.

Since, the chemical potentials are related to the change in
free energy of the material, one can calculate the average
equilibrium voltage, �V, using the expression,

�V ¼
Gdelithiated � Glithiated

Dx � F

Here, Glithiated and Gdelithiated are the free energies of the
material in the fully lithiated and delithiated states, respec-
tively, and Dx is the number of ions transferred. In practice,
instead of free energies one can use the potential energy, E, as
the entropy contribution to a solid electrode is generally small
at room temperature. Thus, the above equation can be
modified as,[28a,b]

�V ¼
Edelithiated � Elithiated

Dx � F

Figure 2. (A) The oxidation states of transition metal ions in various NCMs. (B) DOS for (a–d) NCM424, NCM523, NCM622 and NCM811,
respectively. The center, right, and left boxes indicate the Ni-t2g band, Ni-eg band, and metal character in hybridized O-metal bonding states,
respectively. (Reproduced from Refs. [21b] with permission from the American Chemical Society).

Figure 3. DOS for LiNi0.45Co0.2Mn0.3Al0.05O2 using (a) PBE (b) PBE+

U. Total DOS is shown in grey. (Reproduced from Ref.[26f] with
permission from the Electrochemical Society).
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Here, E can be obtained from first principle calculations.
One can also generate the voltage profile using the same
expression by calculating E for different delithiation levels, x,
and this profile may be compared with the experimentally
obtained one. We note that the computationally obtained
voltage profile is generally plotted as a staircase-like curve, as
each point of the voltage profile consists of values that are
obtained by averaging two delithiated concentrations. In this
case constant potentials are assigned to both of these
concentrations, x. However, if the average potential at a given
Li concentration is used instead then the resulting voltage
profile is a smooth curve.[8,10–11] These calculations help to
identify the ionic and electronic structural changes of the
materials during delithiation, which is otherwise difficult to
obtain from experiments due to the instability (or metastabil-
ity) of many of the delithiated structures.

In one of the earliest computational studies on layered
materials, Aydinol et al. used the LDA approach to compute
the intercalation voltage of different LiMO2 materials for
various 3d transition metals including Ni, Co, and Mn. The
authors found that LDA can reproduce the trend of the
experimental voltages for these materials, though the com-
puted values were underestimated compared to the experimen-
tal voltages by ~1 V.[28a,b] We note that despite the under-
estimation of average voltages due to self-interaction error in
the two-electron terms, both LDA and GGA methods have
successfully predicted voltage trends of layered oxide
materials.[41] The underestimation of the voltage by LDA and
GGA can be corrected by using the GGA+U approach with
an appropriate Hubbard U parameter.[9b,c,27d] However, employ-
ing a Hubbard U parameter to accurately calculate voltage
profiles is problematic as an appropriate U value is determined
by the extent of electron correlation, and for layered lithiated
metal oxides (such as NCMs) the electron correlation changes

with the level of lithiation (due to change in oxidation state of
TMs with delithiation).[21b,26l,28d] Moreover, different Hubbard
U values would preclude the calculation of any meaningful
property as energy differences of two structures with different
U values are not physically meaningful. Hybrid functionals
such as HSE06, which can account for part of the self-
interaction error, were also employed by various groups to
study voltage profiles (Figure 4(A)).[27d,34,42] However, hybrid
functionals are computationally expensive relative to LDA and
GGA.[34,37,41e] Chakraborty et al. compared the performance of
PBE, PBE+U and the recently developed SCAN functional,
and found that the average voltages computed with SCAN are
in better agreement with experiments for LiMO2 (M=Ni, Co,
Mn).[35] The improved performance of SCAN over GGA and
GGA+U methods can be ascribed to its ability to account for
localized states, as well as dispersion interactions.[35]

2.3.2 Study of Intercalation Voltages of NCM

Koyama et al. and Hwang et al. employed LDA and GGA
approaches to calculate the average Li intercalation potential
for NCM333 in good agreement with experiments (NCM has a
rechargeable capacity of 163 mAhg� 1 in the voltage window
3.0–4.3 V with 0.1 C rate).[30c] Studies by Koyama et al. and
Hwang et al. also showed that the main redox processes in the
Li concentration ranges 1 � x � 2=3; 2=3 � x � 1=3 and
1=3 � x � 0 are oxidation of Ni2+ to Ni3+, Ni3+ to Ni4+ and
Co3+ to Co4+, respectively.[30b] Using GGA and GGA+U
methods, Markus et al.[41a] investigated the voltage profile of
NCM333. The authors found that the GGA method under-
estimated the Li intercalation voltage by ~1 V. The authors
attempted to calibrate the U-parameters against the experimen-
tal voltage profile of NCM333 but noted that the U values that

Figure 4. (A) Error in average Li-intercalation potentials (with respect to experimental values) for GGA, GGA+U, and HSE06 (Reproduced
from Ref. [27d] with permission from the Nature Partner Journal). (B) Calculated and experimental intercalation potentials profile for
LixNi0.5Co0.2Mn0.3O2 at different delithiation levels. GGA values are shifted by 0.9 eV and GGA+D3 are shifted by 0.6 eV. The black line
represents the experimental data from Ref. [28d]. The experimental data are plotted by considering a specific capacity of 250 mAhg� 1 in the
fully delithiated limit. (Reproduced from Ref. [28d] with permission from the Royal Society of Chemistry)
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give reasonably correct voltage profiles show incorrect redox
behavior (e. g. Co was found to oxidize before Ni).

Dixit et al. compared the voltage profile of NCM523
obtained using PBE, PBE+U and PBE+U+D3 functional
with experiments and found that PBE and PBE+D3 reproduce
the experimental trends quite well, whereas PBE+U and PBE
+U+D3 failed to reproduce the experimental voltage trends
(Figure 4(B)).[28d] Though PBE+U failed to reproduce the
experimental trends of the voltage profile, it was found that
the absolute voltages calculated using PBE+U are in better
agreement with experiments than PBE and PBE+D3. This
study showed for NCM523 in the lower voltage limit (x<1/4),
oxidation of Ni2+ to Ni3+ is the main redox process, whereas
at higher voltages, the redox process is dominated by Ni3+ to
Ni4+ and Co3+ to Co4+ transitions.[28d]

Failure of PBE+U to reproduce the experimental voltage
profile trends was also observed by Schipper et al. in their
computational and experimental studies on NCM622 (initial
discharge capacity of 187 mAhg� 1 in the voltage window of
3.0 to 4.3 V).[26l] Their study showed that PBE and optPBE-
vdW, which is a dispersion corrected version of PBE,
reproduce the experimental trends whereas PBE+U fails to
reproduce the experimental trends. The authors suggested that
although PBE+U was unsuccessful in predicting the correct
voltage profile trend, this is not due to the lack of accuracy of
the PBE+U method itself. Rather this is due to the use of
same U parameter irrespective of the change in Li concen-
tration which results in changes in electron correlation.[26l]

Further, Susai et al. recently showed discharge capacity of
185–195 mAhg� 1 for undoped and 1–3 mol% Mo-doped
NCM811 in the voltage window of 2.8 to 4.3 V.[38] They also
showed that Mo-doped NCM811 has reduced fading upon
cycling from a combined experimental and computational
approach.

2.4 Ion Diffusion

Understanding ion diffusion kinetics and diffusion mecha-
nisms are crucial for the development of batteries with high-
power density.[43] Here, ion diffusion within solid electrodes
are particularly important due to the slow ion diffusion in
electrodes compared to electrolytes. The nature of diffusion,
i. e. how fast or slow the diffusion is, can be understood by
looking at the ion diffusion coefficient, D, and it can be
computed from both experiments and computational methods.
However, experiments can only provide the total diffusion
rate, while using theory one can calculate diffusion coeffi-
cients at electrodes, electrolyte and electrode-electrolyte inter-
face and one can also pinpoint specific diffusion mechanisms.

2.4.1 Methods

Molecular dynamics (MD) simulations, kinetic Monte-Carlo
(kMC) and nudged elastic bands (NEB) are common

approaches used for the calculation of diffusion constants.[27d]
From MD or kMC trajectories, the diffusion coefficient can be
computed using mean square displacements (MSD) using the
following expression:

D �
MSD

2 � d � t

Where,

MSD ¼
XN

I¼1

1

N
h RI tð Þ � RI t0ð Þj j2i

RI tð Þ and RI t0ð Þ are the positions of particle I at times t

and t0, respectively, and d is the dimension. Though both
classical FF based MD and ab initio MD (AIMD) can be used
for determining D, especially at dilute ionic concentrations,
the use of AIMD is limited due to large computational cost
associated with these simulations. We note that one should use
a very accurate FF in MD simulations to compute D. The NEB
approach is the most common approach and has been used
extensively to study ion diffusion for various LIBs. Here, one
considers several configurations, termed images, which con-
nect the initial and final points along a predefined minimum
energy path (MEP). These configurations are assumed to be
connected by springs and the minimization of the images
along with the springs provides the optimal MEP. Here, each
of the image is a stationary point on the PES. However, this
method is limited by the requirement of a predefined MEP
(i. e. predefined initial and final states) and thus can be
erroneous if multiple possible MEP are present. Moreover,
finite temperature effects, which MD simulations accounts for,
are not always included in NEB studies.

Studies over the years have identified two main ion
hopping mechanisms for Li diffusion in layered metal oxides:
Oxygen dumbbell hopping (ODH) and tetrahedral site hopping
(TSH).[28k,44] The ODH pathway occurs in cases when all the
sites near the vacancy to which Li hopping occurs are
occupied. This forces the Li to choose a path across an oxygen
dumbbell. TSH hopping occurs when Li adopts a curved path
through a tetrahedral site.[28k,44] This pathway requires at least
one di-vacancy near the site to which Li hops. Therefore, TSH
pathways are preferred over ODH pathways at low Li
concentrations.[28k,44] The increased feasibility of TSH pathway
with increase in vacancy can be attributed to reduced repulsion
between Li in the tetrahedral site and the TM in the nearby
octahedral site.

2.4.2 Ion Diffusion in NCM

Hoang and Johannes studied diffusion in NCM333 using NEB
with the HSE06 hybrid functional and found that ion diffusion
in this material follows a mono-vacancy path in the fully
lithiated limit, but follows a divacancy path at lower levels of
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lithiation.[34] Experiments and PBE-based computations on
NCM333 by Zhao et al. showed that cation exchange can
block diffusion.[45] The decreased diffusion is ascribed to
reduced Li-slab spacing due to cation exchange. The decreased
diffusion or increased diffusion barrier with decrease in inter-
slab spacing was also reported by Kang and Ceder in other Li
transition metal oxides, such as LCO.[46] PBE computations by
Dixit et al. on NCM523 focused on Li-migration via ODH and
TSH pathways. In this study, the computed diffusion
coefficient (3.6�10� 11 cm2 s� 1) for the ODH pathway was
found to be in agreement with the experimental diffusion
coefficient (4.64�10� 11 cm2 s� 1), whereas the diffusion coef-
ficient computed for the TSH pathway was found to be much
higher (8.6�10� 5 cm2s� 1).[28d] This indicates that the ODH
pathway is the rate limiting one, whereas the TSH pathway is
likely dominant at low Li-concentrations. The preference for
the ODH pathway in the fully lithiated limit was also observed
for NCM811 by Wei et al.[47] A diffusion coefficient of about
10� 8 cm2 s� 1 was determined in this study from AIMD
simulation, in agreement with the experiments of Noh et al.[22b]
These authors also compared the diffusion constant of Li in
various NCM materials (Figure 5) and identified key factors
influencing diffusion, such as Ni content, Ni valence states
and Li-slab spacing.[47] Diffusion studies have also been
employed to explain phase transitions. For example, Schipper
et al. studied Ni interlayer migration using NEB calculations
in conjunction with PBE to understand the layered to spinel
phase transition in NCM622. Using DFT-based NEB calcu-

lations with the PBE functional the authors proposed a
mechanism for layered to spinel phase transformation in this
material.[26l] The authors suggested that layered-to-spinel trans-
formation can be avoided by doping the material with a high-
charge state cation, such as Zr4+.[26l] This proposal was verified
by experiments.

2.5 Doping in Layered Materials

Ni-rich NCM materials suffer from instability due to various
phenomena such as cation mixing and phase transition, and
consequently display capacity fading.[23] Doping of a foreign
element in cathode materials is a very common and effective
way to improve the performance of cathode materials. Dopants
often improve the cycling stability by increasing the structural
stability of NCM materials (e. g. by changing the Jahn-Teller
active Ni3+ to Ni2+ ions), modify the lattice parameters and
hence diffusion of Li-ions, and stabilize particle surfaces.[26l]

2.5.1 Methods

Study of doping in NCM is mostly done using DFT as is
common in studies of pristine or undoped systems, as
discussed above. It is important to note that accurately
identifying dopant sites in host materials is very complicated
through experiments, but it is apparently straightforward

Figure 5. Diffusion coefficient (Ds), of different NMC materials for different states of charge computed from AIMD simulations and
experiments. The statistical uncertainty in fitting of the MSD vs Time curve is shown as the error bar. (Reproduced from Ref. [47] with
permission from the American Chemical Society)
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theoretically from the calculation of formation energies. E.g.
the formation energy for metal M’ doped at Ni site is given by

FE ¼ E LiM
0

pNi1� x� y� pCoxMnyO2

� �
þ p � E LiNiO2ð Þ

h i
�

E LiNi1� x� yCoxMnyO2

� �
þ p � E LiM

0

O2

� �� �

Where E(LiM’pNi1� x� y� pCoxMnyO2) and E
(LiNi1� x� yCoxMnyO2) are the total energies of M’-doped NCM
and undoped NCM materials. E LiM

0

O2

� �
and E LiNiO2ð Þ are

the energies of the oxides of M’ and Ni.

2.5.2 Doping in NCM

Many studies have addressed doping in NCM as we mentioned
in section 1. Dixit et al. studied the effect of Al-doping in
NCM523 using crystal orbital Hamilton population (COHP)
analysis.[48] The authors noted that strong Al� O iono-
covalency results in improved performance of the Al-doped
material over the pristine material.[26f] They also noted an
increase in the energy barrier height for Li-diffusion due to Al-
doping in NCM523. Schipper et al. discussed the effect of Zr-
doping in NCM622 and proposed that Zr preferably substitutes
at Ni-sites using DFT calculations.[26f] They suggested that the
high-valence nature of the dopant, Zr, yields a reduction in the
number of Jahn-Teller active Ni3+ ions in NCM622, as
observed from DFT calculations. This increase in Ni2+ at the
expense of Ni3+ ions occurs to maintain charge neutrality in
the system, and it may partly explain stabilization of the doped
system.[26f] In this work, the barrier for cation mixing was
found to be higher in the doped system than in the undoped
one, based on NEB calculations. This could explain the
experimentally observed inhibition of layered to spinel trans-
formation.

Susai et al.[38] and Bruer et al.[26b] showed reduced capacity
fading for NCM523 and NCM811 upon high-valence Mo-
doping. Also, in these systems it was found that the high
valence dopant, Mo, prefers Ni-sites, and hence results in an
increase in the concentration of Ni2+ ions, as discussed above.
They further observed reduction of charge transfer resistance
from impedance spectroscopy for the Mo-doped NCM523 and
NCM811. This can be attributed to the presence of additional
electronic Mo-d bands in the conduction band region, as
observed from the calculated DOS (Figure 6). The c-lattice
parameter also increased upon doping of Mo in these NCMs,
which may hinder cation mixing and hence increase the
stability.[26b]

In another study, which examined the reasons for structural
degradation in Ni-Rich NCMs, Dixit et al. performed compa-
rative computational analysis of several layered NCMs and
suggested that the oxidation state of Ni-ions determines the
electrochemical activity and thermal stability of NCMs.[21b]
The authors suggested that Ni2+ (i. e. Ni in 2+ oxidation state)
is desirable due to ionic Ni � O interactions and availability of
redox-active electrons.[21b,26l,28d] Additionally, it was suggested
that Ni4+ ion imparts Ni� O covalency (due to a low-lying
lowest unoccupied molecular orbital) which results in a
propensity for reduction to Ni2+, with concomitant oxygen
release.[21b] The authors presented a high-valence cation doping
strategy to reduce the oxidation state of Ni-ions in Ni-rich
materials through charge compensation.

2.6 Surface Properties

In batteries, the surface of the electrodes reacts with electrolyte
species and forms a solid electrolyte interphase (SEI). The SEI
plays a crucial role in controlling rate capability, cyclic

Figure 6. DOS for undoped (a) and Mo-doped (b) NCM523 samples. (Reproduced from Ref. [26b] with permission from the American
Chemical Society).
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performance etc. Hence, many computational studies have
focused on surfaces of cathode materials.

2.6.1 Methods

Surface studies of NCMs have mostly employed the PBE+U
method. The stable surface plane can be found from
calculation of the surface energy (gÞ using the following
formula:

g ¼
Eslab � N � Ebulk

2A

Here, Eslab and Ebulk are the total energies of the surface
slab and bulk per formula unit. N and A are the number of
formula units and area of the surface slab. The factor of 1/2
accounts for the two bare surfaces in the slab model (i. e. top
and bottom of system).

2.6.2 Surface Studies for NCM

Electrolyte species react with surfaces of electrodes and form
SEI. A commonly used electrolyte in LIBs is ethylene
carbonate (EC). The reaction mechanism of EC at the layered
oxide cathode surface is predominantly through ring opening
followed by formation of oxygen vacancies at the surface. One
can calculate reaction energies and barrier height for this
surface reaction using the NEB method as performed by
Østergaard et al.[49]

Recently it was also shown that surface coating in Ni-rich
NCM can enhance the stability, and hence improve the
electrochemical performance. Schipper et al. showed better
cycling stability and lower impedance for ZrO2 coating plus
Zr-doping in NCM811 (Figure 7).[26k] They used the PBE
functional for the NCM811(110) :ZrO2(001) interface to show
that this interface has minimum strain. Importantly, this

interface does not block any Li-diffusion channels and also
improves the cycling stability.

Further, there are studies that show existence of additional
structural phases, such as rock-salt, which coexist with the
layered structure at the surface of layered materials.[23,50] It has
been proposed that such rock-salt phases form in concert with
release of oxygen.[23] Kong et al. showed from a combined
theoretical and experimental work that release of oxygen is
more predominant from the surface than the bulk region due to
the higher kinetic barrier for oxygen migration in the bulk.[51]
Kim et al. combined experiment and theory to show that W-
doping of LNO resulted in formation of a rock-salt phase at
the surface, which greatly improved capacity retention.[5f] They
calculated surface energies for undoped and W-doped LiNiO2

in both layered and rock-salt phases using the PBE+U
method.

3. Summary and Outlook

In this review, we presented a brief overview of computational
studies performed on Ni, Co and Mn based mixed transition
metal layered oxide cathode materials (NCM) with the general
formula LiNi1� x� yCoxMnyO2. Computational studies have
provided atomic-level details of layered cathode materials that
aid in rationalizing and designing experiments. The most
common theoretical framework for studying NCM materials is
DFT. Using DFT and other methods one can routinely
compute a variety of properties, including structure, thermal
stability, redox activities of the elements, intercalation
voltages, plausible ion diffusion pathways, interface reactions
between electrodes and electrolyte species, and energetics of
oxygen release.

Layered NCM cathode materials have R-3m structure in
the fully lithiated limit but may transform to inactive spinel or
rock-salt structures upon cycling. Though Ni-rich NCMs
provide high initial discharge capacity, these NCMs suffer
from various problems, like cation disorder, oxygen release

Figure 7. The interface models of a) side view and b) top view of the NCM811(110) :ZrO2(001) interface. (Reproduced from Ref. [26k] with
permission from Wiley)
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and hence low stability on cycling, eventually causing capacity
fading. Doping and surface coating can provide better stability
and prolonged cycling for these materials. Theory is being
used extensively to identify such dopants and coatings which
can improve capacity retention in Ni-rich NCM materials. We
believe that only through tight collaboration between exper-
imentalists and theoreticians can one achieve the required
mechanistic understanding that will eventually yield practical
Ni-rich layered materials.
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