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ABSTRACT: At present the most successful rechargeable battery
is the Li-ion battery, due to the small size, high energy density, and
low reduction potential of Li. Computational materials science has
become an increasingly important tool to study these batteries, and
in particular cathode properties. In silico studies of cathode
materials have proven to be a valuable tool to understand the
workings of cathodes, without having to do sophisticated
experiments. First-principles and empirical computations have
been used by various groups to study key properties, such as
structural stability, electronic structure, ion diffusion mechanisms,
equilibrium cell voltage, thermal and electrochemical stability, and
surface behavior of Li-ion battery cathode materials. Arguably, the
most practical and promising Li-ion cathode materials today are
layered oxide materials, and in particular LiNi1−x−yCoxMnyO2
(NCM) and LiNi1−x−yCoxAlyO2 (NCA). Here, some of the computational approaches to studying Li-ion batteries, with special
focus on issues related to layered materials, are discussed. Subsequently, an overview of theoretical and related experimental work
performed on layered cathode materials, and in particular on NCM and NCA materials, is provided.

1. INTRODUCTION

Development of practical renewable energy sources is essential
to meet the surging global energy needs.1−6 Traditional fuel
sources, such as petroleum and coal, are continuously being
depleted, and their combustion causes significant environ-
mental hazards that have been connected to dire climate
changes. It is therefore of utmost importance to develop energy
sources that are both efficient and environmentally benign.
Several renewable natural energy sources exist, such as solar,

wind, and tide,1,2,5,6 although practical application of these
sources has been limited due in part to seasonal and
geographic variations and the requirement for efficient grid-
based storage systems.4,7 In an effort to overcome past
limitations, recent years have seen intense research efforts in
energy harvesting and storage areas, such as solar cells, fuel
cells, super capacitors, and batteries.8 Perhaps the currently
most ubiquitous renewable energy technology that is safe, eco-
friendly, cost-effective, and portable and has high energy and
power density and a good cycle life is rechargeable
batteries.3,4,7,9−11

At present the most successful rechargeable battery is the Li-
ion battery (LIB), due to the small size, high energy density,
and low reduction potential of Li (−3.04 V with respect to
standard hydrogen electrode).12−14 Much of the research in

the field of batteries in recent years has focused on improving
the performance of LIBs.15−31 The performance and stability
of a battery depend on the properties of its components, such
as cathode, anode, electrolyte, and separator.8,9,16,18,22,27,30,32,33

In LIBs, the cathode is often a Li intercalated transition metal
oxide, while anode materials include graphite, which is most
commonly used, as well as lithium titanium oxide (Li4Ti5O12),
lithium metal, and silicon.20,34 We note that the use of Li metal
as the anode is restricted due to the formation of dendrites,
though it can provide high capacity.35 Alkyl carbonate based
organic solvents (for instance, ethylene carbonate, ethyl-methyl
carbonate, etc.) with Li salts, such as LiPF6, are the most
commonly used electrolytes in LIBs, although electrolytes
based on ionic liquids, solid polymers, and inorganic liquids are
also used in LIBs.16,18,20−23,27−29,33,36 During charging, Li ions
are deintercalated (extracted) from the cathode and diffuse to
the anode via the electrolyte medium, which is a conductor for
ions and an insulator for the electrons generated at the
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cathode, while the electrons reach the anode via an external
circuit, whereas discharging reverses this process (Figure
1).14,15,27,28,30,33

The equilibrium voltage of a battery is directly proportional
to the difference in chemical potentials of the cathode and the
anode. The working potentials of carbon-based Li-intercalating
anodes used in LIBs, such as graphite, are usually higher than

that of Li metal anodes, and their specific capacity is much
lower (by a factor of 10 in the case of graphite). Thus, to
improve the potential of LIBs, it is crucial to focus on the
development of cathode materials with improved chemical
potential. Indeed, the majority of studies reported in recent
years focused on development of cathode materials for
LIBs.3,14−18,20−25,27−29,32,33,36,38−40

LIB cathode materials may be categorized based on their
structure.37,41 There has been extensive research on layered-
structure oxide materials, which have the formula LiMO2 (M is
a 3d transition metal, like Ni, Co, Mn, and Al, and also can be a
mixture of transition metals). These layered oxides have α-
NaFeO2-like structures and belong to the R3̅m space group
(Figure 2a).40,42 In this structure, Li and M are arranged in
alternating layers, and Li and M are surrounded by a
tetrahedral or octahedral environment of oxygens. Spinel
structured oxide materials, LiM2O4, with the space group of
Fd3̅m (Figure 2b), have Li and M arranged in tetrahedral and
octahedral environments of O. In spinel structures, there are
edge sharing octahedra of MO6 within the M layer only, with
MO6 creating a three-dimensional network with Li tetrahedra.
Additionally, several polyanionic materials, such as olivine
phosphate, silicate, and tevorite, have shown promise as
cathodes.15,20,43 Olivine phosphate, LiMPO4, has an ortho-
rhombic Pnma structure (Figure 2c), where MO6 octahedra
and PO4 tetrahedra are in corner-sharing networks, and MO6
and LiO6 share edges of their octahedra. Silicate-Li2MSiO4
(Figure 2d) and tavorite-LiMSO4F (Figure 2e) have also been
proposed as cathode materials. Silicates can have different
types of structures, e.g., silicate with the space group Pmn21 has
orthorhombic structure, while silicate with P21 has a
monoclinic structure, where Li, M, and Si are surrounded by
a tetrahedral environment of oxygens.44 Tavorite structures
have the space group P1̅, i.e., triclinic structure, where MO4F
octahedra are bridged to SO4 tetrahedra.

32,45

Figure 1. Schematic diagram of a first-generation rechargeable
lithium-ion cell. During charging, lithium ions flow to the negative
electrode through the electrolyte medium and electrons flow via the
external circuit. During discharge the directions are reversed,
generating electric energy. (Reprinted with permission from ref 37.
Copyright 2014, published by The Royal Society of Chemistry. This
image is taken from the article titled “Lithium and sodium battery
cathode materials: computational insights into voltage, diffusion and
nanostructural properties”, and it is under the Creative Commons
Attribution 3.0 International License. To view a copy of this license,
visit https://creativecommons.org/licenses/by/3.0/.)

Figure 2. Representative crystal structures of cathode materials for lithium-ion batteries: (a) layered α-LiCoO2; (b) cubic LiMn2O4 spinel; (c)
olivine-structured LiFePO4; (d) βII-Li2FeSiO4; and (e) tavorite-type LiFeSO4F. Li ions are shown as light green spheres, CoO6 octahedra in blue,
MnO6 octahedra in mauve, Fe−O polyhedra in brown, PO4 tetrahedra in purple, SiO4 tetrahedra in yellow, SO4 tetrahedra in gray, and in (e)
fluoride ions in dark blue. Black lines demarcate one unit cell in each structure. (Reprinted with permission from ref 37. Copyright 2014, published
by The Royal Society of Chemistry. This image is taken from the article titled “Lithium and sodium battery cathode materials: computational
insights into voltage, diffusion and nanostructural properties”, and it is under the Creative Commons Attribution 3.0 International License. To view
a copy of this license, visit https://creativecommons.org/licenses/by/3.0/.)

Chemistry of Materials pubs.acs.org/cm Review

https://dx.doi.org/10.1021/acs.chemmater.9b04066
Chem. Mater. 2020, 32, 915−952

916

https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04066?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04066?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04066?fig=fig1&ref=pdf
https://creativecommons.org/licenses/by/3.0/
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04066?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04066?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04066?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04066?fig=fig2&ref=pdf
https://creativecommons.org/licenses/by/3.0/
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04066?fig=fig2&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.9b04066?ref=pdf


Among the above-mentioned cathode materials, layered
materials are arguably the most practical and promising for
LIBs.20,46−50 LiCoO2 (LCO), LiNiO2 (LNO), and LiMnO2

(LMO) are three basic layered oxides that have been
extensively studied.27 LCO was first introduced in 1980 by
Goodenough51 and was commercialized by Sony in 1991.52 In
this context, we mention that the 2019 Nobel prize in
chemistry was awarded to John Goodenough, M. Stanley
Whittingham, and Akira Yoshino for the development of Li-ion
batteries. At the heart of this Nobel prize award was the work
on layered cathode materials such as LiTiS2 and LCO cathodes
in conjunction with a graphite anode.51,53−55 LCO (R3̅m
rhombohedral) has a theoretical capacity of 274 mAh g−1,
practical capacity of 135 mAh g−1, and voltage range of 3.0 to
4.2 V for different intercalation limits of Li ions.56 The rapid
capacity fading upon cycling and high cost are major
drawbacks of this material.15,46 Ni is cheaper than Co, but
synthesis of stoichiometric LNO (R3̅m rhombohedral) is quite
difficult.57−59 The theoretical rechargeable capacity of LNO is
275 mAh g−1, yet the practical capacity is only 150 mAh g−1,
with a voltage window of between 2.5 to 4.2 V.20,58,60 Due to
the similar sizes of Li+ and Ni2+ ions, Ni can migrate to Li sites
(i.e., cation mixing), creating disorder that hinders diffusion of
Li ions.50,61,62 Additionally, there are also structural changes
during charge−discharge, which hamper cycling performance.
LMO is another basic layered cathode material that is cheaper
than both LCO and LNO.63 LMO is mostly synthesized with
an orthorhombic structure (Pmmn space group), with Li−O
layers corrugated. It has a theoretical capacity of 285 mAh g−1,
a practical capacity of 200 mAh g−1, and a voltage range of 2.5
to 4.3 V.20 The main disadvantage of LMO is rapid capacity
fading, as the material transforms into a spinel structure upon
cycling.64,65 The transformation of layered to spinel structure
limits the specific capacity of LMO cathodes because the
electrochemical activity of the latter structure is split to two
domains: at 3 and 4 V vs Li−Li intercalation via phase
transition at both voltage domains. This split activity forces
operation at either the higher or lower potentials with half of
the theoretical capacity in each domain (practically <120 mAh
g−1), because operation throughout the potential domain
causes structural degradation due to Jahn−Teller distor-
tions.66,67 An additional problem of LMO cathodes is the
pronounced dissolution of Mn ions into the solution phase,
and the migration of these Mn ions to the anode side has a
detrimental effect on their passivation.68

Due to the drawbacks of the individual layered materials
(e.g., LCO, LNO, LMO), mixing of different transition metals
(TM) has been proposed as a way to improve their
performance as cathode materials in LIBs. Reports on different
binary layered oxide materials have shown that TM mixing is
beneficial,50,69,70 and trinary oxides71 have shown further
promise. Trinary oxides combining Ni, Co, and Mn are usually
referred to as NCM (LiNi1−x−yCoxMnyO2) or NMC, while
combinations of Ni, Co, and Al are dubbed NCA
(LiNi1−x−yCoxAlyO2). NCM layered materials can provide
capacities in the range 200−210 mAh g−1 in the voltage range
of 3.0−4.3 V as shown in Figure 3.72 Details of commercialized
LIBs can be found in a review by Zeng et al.73

In the mixing phase diagram in Figure 4, we show some
common NCM compositions, and in Table 1 we show some
commercialized NCM and NCA cathodes.

The rationale for mixing Ni, Co, and Mn is based on the
important physical features that each element contributes: Ni,
cathode capacity; Co, charge−discharge kinetics; and Mn,
material structural stability on cycling (i.e., lower reactivity
with the electrophilic electrolyte solutions based on alkyl
carbonate solvents).84 In NCM materials, Mn remains in a +4
oxidation state throughout cycling and stabilizes the structure

Figure 3. Discharge capacity vs cycle number for the Li/Li[NixCoyMnz]O2 (x = 1/3, 0.5, 0.6, 0.7, 0.8 ,and 0.85) cells at (a) 25 °C and (b) 55 °C.
The applied current density across the positive electrode was 100 mA g−1 (0.5C) in the voltage range of 3.0−4.3 V. (Reprinted with permission
from ref 72. Copyright 2013, Elsevier.)

Figure 4. Phase diagram of the ternary system generated from LNO,
LCO, and LMO with some representative compositions shown.
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and Co was found to reduce cation mixing, while Ni is the key
redox active element in NCM, as it cycles among +2, +3, and
+4 oxidation states.56,85−87 In NCA materials, the presence of
Al improves the thermal stability of the transition metal oxides
in combination with Ni and Co. Here, the stability of Al3+ ions
in tetrahedral sites inhibits cation migration, hence avoiding
phase transitions at high temperatures.88 Guilmard and co-
workers performed detailed studies on LixNi0.89Al0.16O2 and
LixNi0.7Co0.15Al0.15O2 and suggested that the migration of Al3+

to tetrahedral lattice sites suppresses layered-to-spinel trans-
formation.89,90

Due to the need for improved battery capacity, so-called Ni-
rich cathodes constitute the state-of-the-art, and the current
challenge is to achieve high capacity, without sacrificing
stability and kinetics.56 Lattice doping with cations like Na+,
Mg2+, Al3+, Zr4+, Ti4+, W6+, and Mo6+ or anions, e.g., F−, and
thin surface coating with inorganic oxides or salts have been
suggested as solutions to capacity fading and structural stability
problems in these materials.56,64,86,87,91−93

Doping is a versatile technique to improve the thermody-
namic, kinetic, electronic, chemical, and magnetic properties of
layered cathode materials.64,87,94−96 To understand the effect
of doping on cathode material properties, it is important to
understand the effects dopants have on the intrinsic physical
and chemical properties of the layered materials, as well as the
effect on various types of defect, such as vacancy, substitu-
tional, interstitial, antisite, Frenkel, and Schottky defects, which
have been observed in cathode materials.97 Important factors
when considering dopants are, for instance, ionic charge, ionic
size, and magnetism. Much work on dopants has focused on

the effect of dopants on the bulk properties of NCM and NCA
materials.39 Delmas and co-workers identified the tendency of
segregation of Ni and Al in Al-substituted LNO using
synchrotron X-ray powder diffraction, electron diffraction,
and energy-dispersive X-ray spectroscopy (EDX) and electron
energy loss spectroscopy (EELS) analyses. The authors
identified an inhomogeneous distribution of Ni and Al at the
surface.98 Recent experimental work also suggests that dopants
tend to segregate at the surface of cathode particles.78,93

Therefore, to better understand the role of dopants in NCM
and NCA materials, it will be important to focus on how
dopants affect surface properties.
Computational materials science has become an increasingly

important tool in the field of LIB.99 Cathode properties, such
as equilibrium voltages and voltage profiles, ion mobilities,
thermal stability, and TM oxidation states, may readily be
computed.100 Using related techniques, one can also estimate
the properties of additional battery components100 such as
anode materials,101−104 solid electrolytes,105−107 and the
electrode surface.108 Early studies in this area addressed
computation of cathode properties employing density func-
tional theory (DFT) and showed that theory is capable of
reproducing cathode properties from first principles.109−111

These pioneering works addressed layered cathode materials
but have since penetrated just about every area of battery
components.
First principles computations were used by various groups to

study key properties, such as structural stability, electronic
structure, ion diffusion mechanisms, equilibrium cell voltage,
thermal and electrochemical stability, and surface behavior of

Table 1. List of Experimentally Determined Electrochemical Properties of Different NCM and NCA Cathode Materials

cathode material
electronic conductivity

(S cm−1)
initial (first cycle) discharge capacity

(mAh g−1)
voltage range

(V)a,b
current density
(mA cm−2)

capacity retention
(%)

LiNi0.33Co0.33Mn0.33O2
(NCM333)

5.2 × 10−8 [ref 72] 163 [ref 72] 3.0−4.3 [ref
72]a

0.1C [ref 72] 93 [ref 76]

150 [ref 74] 3.0−4.3 [ref
74]a

0.3 [ref 74]

150 [ref 71] 2.5−4.2 [ref 71] 0.17 [ref 71]
220 [ref 71] 2.5−5.0 [ref 71] 0.17 [ref 71]

3.0−4.6 [ref
75]a

0.2C [ref 75]

LiNi0.50Co0.20Mn0.30O2
(NCM523)

4.9 × 10−7 [ref 72] 175 [ref 72] 3.0−4.3 [ref
72]a

0.1C [ref 72] 95 [ref 77]

150 [ref 77] 3.0−4.3[ref 77] 0.4C [ref 77]
160 [ref 78 ] 4.3 [ref 78]b C/3 [ref 78]
189.2 [ref 79] 3−4.4 [ref 79]b 0.2C [ref 75]

3.0−4.6 [ref
75]a

LiNi0.60Co0.20Mn0.2O2
(NCM622)

1.6 × 10−6 [ref 72] 187 [ref 72 ] 3.0−4.3 [ref
72]a

0.1C [ref 72] 95 [ref 76]

178 [ref 80] 3.0−4.3 [ref
80]a

0.2C [ref 80]

∼156 [ref 76] 4.2 [ref 76]a 1C [ref 76]
3.0−4.6 [ref
75]a

0.2C [ref 75]

LiNi0.80Co0.10Mn0.10O2
(NCM811)

1.7 × 10−5 [ref 72] 203 [ref 72] 3.0−4.3 [ref
72]a

0.1C [ref 72] 66 [ref 76]

198 [ref 81] 3.0−4.3 [ref
81]a

0.1C [ref 81] 80 [ref 82]

3.0−4.6 [ref
75]a

0.2C [ref 75]

LiNi0.80Co0.15Al0.05O2
(NCA8155)

200 [ref 50] 4.2 [ref 50] 1C [ref 50] 89.3 [ref 83]
183 [ref 83] 3.0−4.3 [ref

83]a
0.2C [ref 83]

aVoltage was measured vs a lithium anode. bVoltage was measured vs a graphite anode.

Chemistry of Materials pubs.acs.org/cm Review

https://dx.doi.org/10.1021/acs.chemmater.9b04066
Chem. Mater. 2020, 32, 915−952

918

pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.9b04066?ref=pdf


LIB cathode materials.37,112−114 In 1997, Aydinol et al.
calculated the equilibrium cell voltage from first-principles
using the so-called DFT local density approximation and found
voltage trends similar to those of experiments.109,110 Also, the
average intercalation voltage of layered LiMO2 was calculated
by Benco et al. using DFT.111 First principles calculations have
also been used to determine the diffusion rate and mechanism
of Li ions in LIB.115−117 Furthermore, Ceder and co-workers
revealed that rate capacity of the layered cathode materials can
be enhanced by the integration of low-valent transition-metal
cations, which results in low strain in the activated state.118 In
2011, Ceder and co-workers implemented high-throughput
computational strategies within a DFT framework to design
new cathode materials for LIBs.112,113 The many advances in
theoretical studies, together with improved computational
resources, allow design of new materials based on guidance
from computational studies.119 A general overview of the
application of computational studies on battery materials can
be found elsewhere.37,41,100,114

In the following we will focus on theoretical studies of
layered cathode materials and refer the interested reader to
excellent reviews by Islam,37 Ceder,100 Meng,41 and others for
a wider perspective on the role of theory in battery
research.50,84,99,114,120,121 The current review is arranged as
follows: In Section 2 we discuss some of the computational
approaches to studying LIBs, with special focus on issues
related to layered materials. Subsequently, in Section 3 we
provide an overview of theoretical work performed on layered
cathode materials, and in particular on NCM and NCA
materials.

2. COMPUTATIONAL METHODS FOR CATHODE
MATERIALS
2.1. Potential Energy Surface (PES). The PES is a key

ingredient of any theoretical study of cathode materials in a
LIB. The available methods may be categorized as quantum
mechanical (electronic structure) or classical mechanical
methods. In the following we give an overview of the most
common approaches for treating the PES of cathode materials.
2.1.1. Electronic Structure Methods. The electronic

structure of matter plays a crucial role in determining the
physical and chemical properties of layered cathodes, and it is
therefore essential to choose a suitable theoretical framework
when modeling such materials. Quantum mechanics provides
the necessary mathematical framework via Schrödinger’s wave
equation or density functional theory (DFT).122−124 The latter
has been applied extensively to model NCM and NCA
materials, as it is considerably cheaper computationally than
wave function methods of comparable accuracy. The energy
within DFT is written as

E T E V

V

r R r r r r

r r R r

( ); ( ) ( ) ( ) d

( ) ( ); d

xc ij

ext

∫
∫

ρ ρ ρ ρ

ρ ρ

[ ] = [ ] + [ ] + [ ]

+ [ ]
(1)

where ρ(r) is the electron density, the first term on the right-
hand side is the kinetic energy of the electrons, the second
term is the exchange-correlation (XC) energy, the third term is
the electron−electron repulsion, and the last term is the
electron-ion attraction. R represents the nuclear coordinates,
while r describes the electronic coordinates. The exact form of
the XC term is unfortunately not known and must be
approximated, and a range of different functionals have been

suggested over the years. These XC functionals may be
categorized as belonging to the following types of DFT with
increasing complexity:125,126 local density approximation123

(LDA; dependence on electron density), generalized gradient
approximation127 (GGA; + dependence on gradient of the
electron density), meta-GGA128,129 (+ dependence of kinetic
energy density), hybrid functionals (+ dependence on exact
Hartree−Fock exchange via the occupied orbitals130,131), and
double hybrid functionals132 (+ dependence on virtual
orbitals). The GGA family of functionals is by far the most
commonly employed for layered cathode materials, and in
particular the Perdew−Burke−Ernzerhof (PBE) functional133

has been widely used. This functional has been shown to
provide good structural and energetic properties. Typically, the
LDA and GGA functionals suffer from so-called electron self-
interaction, a peculiar deficiency that is partly resolved in
higher rung functionals, such a hybrid functionals. However,
the usually improved performance of hybrid functionals comes
at a computational overhead, and a significantly cheaper
strategy to deal with self-interaction is via inclusion of Hubbard
U parameters, where U is an on-site Coulomb interaction
parameter.134,135 DFT+U (e.g., PBE+U) can predict the
properties of strongly correlated systems more accurately
than standard local and semi-local DFT functionals. The
common practice is choosing a constant U value that produces
properties matching experimental observations. First principle
calculations may be used to determine optimal U values for a
particular system. For instance, one can use the constrained
random phase approximation (cRPA) or DFT + dynamical
mean field theory (DMFT) and linear response to get proper
values of U for a particular system (as implemented in the
Quantum ESPRESSO package).136,137 In spite of the success in
using DFT+U in materials chemistry, there are certain caveats
when using DFT+U to study electrochemistry, as will be
discussed below.138 This is because constant U values can lead
to incorrect results when there is change in the physical
composition or conditions of the material or the material
undergoes a structural transition.136 Ideally, the value of U
should depend on the position of all atoms within the lattice, as
well as the magnetic and electronic states of the system. Along
these lines, Kulik and Marzari showed that U depends on the
position of the atoms, and this position dependent DFT+U(R)
approach can predict properties like binding energies,
frequencies, and equilibrium bond length better than standard
DFT+U.139 A recent approach termed DFT+U+V, considering
on-site U and intersite (V) effective interactions, can predict
properties for mixed valence ground states and can treat
localized states in partially delithiated cathode materials, like
olivine phosphates.140

Many DFT approaches do not properly account for the
dispersion interaction, and these are often added as empirical
corrections.141−145 The importance of dispersion corrections in
modeling layered cathode materials will be emphasized below
in Section 2.3.1. A very useful recent DFT method from the
meta-GGA family that shows good performance for layered
LIB systems is the strongly constrained and appropriately
normed (SCAN) semilocal density functional.138,146

In practice, many solid-state DFT codes are implemented
using plane waves as a basis set, using the projected augmented
wave (PAW) method.147 Within this plane wave basis set
approach, many codes also employ pseudopotentials, forming
an efficient computational framework. The pseudopotential
approach relies in the reasonable assumption that the valence
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electrons determine most of the properties of molecules and
solids, whereas the core electrons are inert and retain their
atomic character even when engaged in bonding. This
pseudopotential approach is the basis of many modern
electronic structure packages such as Quantum ESPRESSO,148

ABINIT,149,150 CASTEP,151 and VASP.152−154 The forces
acting on atoms and the stress on unit cells may be computed
using the Hellmann−Feynman theorem.155

The NCM and NCA materials are magnetic, largely due to
the coexistence of transition metals, namely, Ni, Co, Mn, and
Al, and possible dopants. It is essential to identify the lowest
energy configuration for spin-polarized systems, and this can
be a challenge in NCM and NCA materials. In some of the
NCM and NCA materials studied computationally, antiferro-
magnetic (AFM) configurations are found to be energetically
favorable compared to ferromagnetic (FM) configurations
(Table 2). It is of great practical importance to choose
reasonable initial guess magnetic moments to facilitate rapid
convergence for large, spin-polarized systems.

It is possible to estimate the electronic configuration and
formal oxidation states of transition metals from the calculated
magnetic moments per atom and projected density of states
(PDOS).85−87,91 A related tool that can quantify the local
electronic environment around atoms and can be useful in
NCM/NCA materials is the Bader charge analysis scheme.159

An additional useful tool is the crystal orbital Hamiltonian
population (COHP) method, which can deduce the covalent
vs ionic contribution in bonds.160−162

2.1.2. Electronic Structure with Cluster Expansion. The
electronic structure for layered oxide LIB cathode materials is
most often calculated using DFT, and this works well if one has
an atomic resolution crystal structure of the system. However,
the structures of NCM and NCA materials are complicated to
model due to ionic mixing in the TM layers, as well as possible
mixing between Li and TM.50,61,62 When the system modeled
is large, it can be prohibitively expensive to evaluate all possible
configurations using DFT, and alternative approaches must be
sought. There are many proposed approaches to find stable
structures for binary or ternary alloys, and such methods can
be applied for NCM and NCA as well. One such method, the
cluster expansion (CE) approach, which is implemented in the
Alloy Theoretic Automated Toolkit (ATAT) code163,164 and
the Clusters Approach to Statistical Mechanics (CASM)
code,165−167 has been applied to NCM and NCA materi-
als.168,169 The CE method is adopted from the Ising model of
statistical mechanics, where the total lattice is constructed from
different possible clusters at lattice sites. The total energy for a
configuration can be obtained by considering the energetic
contributions from different clusters (σ) at the lattice sites,
E(σ):

E E J( ) ( ) ( )CE

f
f f∑σ σ σ= = Π

(2)

Here, Jf denotes the “effective interaction strength” (an energy
term) associated with a particular combination of lattice sites, f.
The sum runs over all possible inequivalent “types” of lattice
site combinations f, such as nearest-neighbor pairs, second-
nearest-neighbor pairs, a nearest-neighbor triplet, etc. σ
depends on the nuclear coordinates R. Πf(σ) are spin-products
averaged over the entire lattice, which are different for each
given configuration, σ. Further details can be found in refs 163
and 164.
The energies for these different predicted configurations are

calculated using CE and are fitted with DFT for a few selected
configurations. The calculations continue until they reach a
convergence criterion. The energy profile for different
configurations forms a convex hull, and one can get the most
stable structure from the minimum energy of the convex
hull.163

2.1.3. Classical Mechanics Methods. The computational
time for DFT computations scales formally as N3 (LDA and
GGA), where N is the number of basis functions, and this
limits the size of the model systems treated by DFT. As the
reliability of computational predictions depends greatly on the
choice of an accurate atomistic model, it is important to
construct a system that is large enough to predict the material
properties of interest. In many cases, DFT is impractical for
systems beyond a few hundred atoms,170−172 and computa-
tionally cheap approaches that can model large systems are
vital.37,173

Classical simulation approaches constitute one possible
avenue that can reduce the computational cost significantly. In
this approach, explicit treatment of electrons is omitted by
using predefined internuclear potentials. As the electronic
degrees of freedom are taken in an average way, the total
energy of the system in this approach is a function of nuclear
coordinates only. Molecular mechanics, or force fields, is a
popular approach,174 where the energy function for an N-
nuclei system has the following general form

E k R R k

V
n E E

R( ) ( ) ( )

2
(1 cos( ))

i i i i i i

n

bonds
,0

2

angles
,0

2

torsions
ele vdw

∑ ∑

∑

θ θ

ϕ ω

= − + −

+ + − + +

(3)

In this equation, the total potential energy, E, of an atomistic
system is written as a sum of bonded (first three terms) and
nonbonded terms (last two terms). Here, the bonded terms
include the bond stretching, angle bending, and torsional
components, and the nonbonded terms include electrostatic
(Eele) and van der Waals (Evdw) contributions to the potential
energy. In the above equation, ki represent the harmonic force
constant for bond stretching and angle bending in the first two
terms on the right-hand side. R, θ, and ϕ are the bond length,
angle, and dihedral, respectively, and R0 and θ0 are the
equilibrium bond length and angle, respectively. Vn in the third
term represents the rotational barrier height, and n represents
the number of minima over a complete rotation of a bond.
Usually, a Lennard-Jones or a Buckingham potential is used for
Evdw, and a Coulombic potential is used for Eele. Charge
polarization may be included via approaches such as point ion
dipolar polarizability175 and the core−shell model or the
Drude oscillator model.176 Among these, the core−shell model
is the most widely used approach for atomistic simulation of
LIBs.43,97,177 Among various classical simulation packages,

Table 2. Selected NCM and NCA Materials and Their
Energetically Favorable Magnetic Configuration

type of NCM energetically favorable configuration

NCM333156,157 antiferromagnetic (AFM)
NCM52385 antiferromagnetic (AFM)
NCA158 antiferromagnetic (AFM)
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GULP178 and DL_POLY179 programs have been widely
used.37

Though potential based approaches are computationally
cheap, harmonic potentials and fixed-point charges cannot
mimic the complex bonding patterns and changes in the
electrostatic environment during the ion diffusion in battery
materials. This is particularly difficult for cathode materials,
such as NCM and NCA, where more than one type of
transition metal is present, and each metal may be present in
different oxidation states, which may change as a function of
atomic position. Thus, development of accurate and flexible
potential models is necessary for an efficient application of
these approaches. Recently, coupling of variable charge models
with empirical potential parameters such as the charge transfer
modified nearest neighbor molecular embedded atom method
(CT-MEAM)180 and second nearest neighbor molecular
embedded atom method coupled with charge equilibration
(2NNMEAM+Qeq) have been used for diffusion studies in
battery materials.181

2.2. Traversing the Potential Energy Surface. Mini-
mization of the energy functions (eqs 1−3) with respect to the
nuclear coordinates, R, using established minimization
algorithms are employed to determine the minimum energy
configurations on the PES. For solid-state materials, such
minimization includes the relaxation of lattice parameters
along with the nuclear coordinates under periodic boundary
conditions.
Diffusion constants of Li+ ions and their solid-state diffusion

mechanisms are important properties for the electrochemical
performance of battery materials. The molecular dynamics
(MD) simulation technique is one of the most popular
approaches for such studies. Here, Newton’s equations of
motion are solved numerically to generate the trajectory for a
system over a time period at finite temperature and pressure to
obtain time dependent and average equilibrium properties.
The time scales that can be achieved by using ab initio MD
(AIMD) simulations are often limited to a few picoseconds for
hundreds of atoms, whereas MD simulation utilizing
predefined empirical potentials can achieve nano- to micro-
seconds time scale even for tens of thousands of atoms,
depending on available computational facilities. An additional
method to traverse the PES to probe diffusion is the nudged
elastic band (NEB) method.182 NEB allows one to find the
minimum energy diffusion paths in complex, high-dimension-
ality systems, such as NCM and NCA materials. The NEB
method is discussed in greater detail below (Section 2.3.4).
2.3. Computable Properties in Cathode Materials.

2.3.1. Structural Properties. LIB oxide cathode materials have
different structures, like rhombohedral, monoclinic, and spinel.
The rhombohedral structure, with space group R3̅m, is the
most common one for NCM and NCA materials, and it has a
prototype α-NaFeO2 structure.40,128,157,183 In this structure,
TMs and Li atoms are arranged in alternating layers, and the
cations are located in a tetrahedral or octahedral environment
of O atoms (Figure 5). The stacking of the cations depends on
the coordination (octahedra/tetrahedra) of the Li atoms, and
these can be of different types, e.g., O1, O3, P3, O2, and P2.
The nomenclature is as described by Delmas et al.,40,42 i.e., O
is for octahedra, P for prismatic, and T for tetrahedra.
In layered NCM cathode materials, the TMs may form

repeating clusters or patterns within the TM planes. Koyama et
al. showed that the superlattice model of [√3 × √3] R30° (in
Wood’s notation) type is energetically favorable compared to a

piled up model from NiO2, CoO2, and MnO2 sublayers for
Li[Co1/3Ni1/3Mn1/3]O2 (NCM333) materials.184 Using high-
resolution solid-state 6Li NMR spectroscopy, Cahill et al.
observed local (short-range) TM ordering, with clustering of
Mn4+ and Ni2+ in NCM333.185 Importantly, such config-
urations avoid high-energy Mn4+−Mn4+ contacts. Subse-
quently, Zeng et al. similarly showed that layered mixed TM
oxides (such as NCM333) exhibit a [√3 × √3] R30° type
local ordering in the TM layers.186 These authors also showed
that NCM333 has a tendency to form Ni2+−Mn4+ local
clusters, whereas the Co3+ ions adopt random positions. Using
electron diffraction experiments, Weill et al. observed √3 ×
√3 superstructures in the transition metal layers in
LiNi0.425Co0.425Mn0.15O2.

187 Meng et al. studied Li-
[NixLi1/3−2x/3Mn2/3−x/3]O2 for x = 0, 1/2, and 1/3, and in-
plane √3 × √3 ordering was also noted in all of the above
samples.188 The stability of a structure for NCM and NCA can
be determined theoretically using DFT, cluster expansion, or
classical potential methods, as discussed in the previous
section. Using first-principles calculations, Yu et al. explored
LiNi0.42Mn0.42Co0.16O2 and suggested that Co √3 ordering is
most stable among the different orderings studied.189 Dixit et
al. predicted the cationic ordering of NCM523 and also noted
that cationic ordering of √3-type ordering parameters are
more stable than the structures with other types of ordering.85

The authors presented a systematic funneled approach for
predicting cationic ordering of NCMs by employing a classical
mechanical atomistic energy function for initial screening of a
large number of configurations, followed by DFT rescoring of
the lowest energy configurations from the classical calculations.
Sun and Zhao studied the energetics for different config-
urations of various NCM materials (NCM333, NCM523,
NCMC424, NCM811, NCM622), and they have shown that
there is no such favorable long-range ordering pattern for TM

Figure 5. Crystal structures relevant for layered Li intercalation
electrodes. Blue octahedra represent MO6 units, and green octahedra/
tetrahedra represent Li sites. (Reprinted with permission from ref 40.
Copyright 2017, Wiley-VCH.)

Chemistry of Materials pubs.acs.org/cm Review

https://dx.doi.org/10.1021/acs.chemmater.9b04066
Chem. Mater. 2020, 32, 915−952

921

https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04066?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04066?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04066?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04066?fig=fig5&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.9b04066?ref=pdf


in superlattice models in the case of Ni, Co, and Mn, in
contrast to the short-range ordering discussed above.190

Significant changes may occur in the lattice parameters a and
c of the unit cell of R3̅m NCM and NCA during cycling. This
may occur as a result of lithiation and delithiation, and it has
been shown that the c parameter can have a rather complicated
behavior as a function of Li content.191 Specifically, it is
important to include dispersion interactions to correctly
reproduce the experimentally observed c parameter behav-
ior.85,86,191,192 Changes in cell parameters can also occur as a
result of local phase changes taking place, e.g., layered to spinel
transformation.14,193

The LDA functional was found to correctly predict the
decreasing trend of c lattice parameters with decrease in Li
concentration in the case of LixTiS2, as LDA is known to
exhibit overbinding at short range, whereas the GGA
functional was found to predict the opposite trend.115

However, the c lattice parameters predicted by LDA are
consistently lower than the experimentally measured values.115

Underestimation of the c lattice parameter was also observed
for LiCoO2, LiMnO2, LiNiO2, and NCM333 using LDA.184,194

The PBE and PBE+U functionals fail to reproduce the
experimentally observed trend in the change of c lattice
parameters during Li deintercalation (initial increase with
decreasing Li concentration followed by a decrease during the
last stage of delithiation).85,195 A comparison of c lattice
parameters for NCM523 computed with and without
dispersion with the PBE functional indicated that dispersion
correction is vital for predicting the experimentally observed
value and trend in the c lattice parameter with varying Li
concentration for NCM523.85 This is in line with calculations
on LCO by Aykol et al.192 Further, Yoshida et al. also showed
that DFT with a van der Waals exchange-correlation functional
is essential to reproduce the contracting nature of LNO with
delithiation.196 Since the diffusion kinetics depends on the
interlayer separation and thus the c lattice parameter, it is
important to use functionals that include dispersion
correction.85 We recently showed that the SCAN functional,
as well as PBE+U+D3, reproduce well the changes in lattice
parameter with delithiation, as shown in Figure 6.138

2.3.2. Electronic Structure. One can compute relevant
electronic properties, such as band gap, density of states
(DOS), and magnetic moments, using an electronic structure
method, such as DFT. Additionally, one can predict derived
properties that depend on the electronic structure, such as
oxidation states. The accuracy of the prediction of these
properties will depend on the level of theory employed, such as
LDA, GGA, LDA/GGA+U, meta-GGA, hybrid functional, and
double hybrids.123,124,129−133 It is prudent to benchmark the
electronic structure method against available experimental
data, such as band gap and X-ray photoelectron spectroscopy
(XPS), for the material of interest.37,100,197 Yet, subtleties may
come up, such as perturbation of the electronic structure due
to the use of U parameters.135,197 Adding empirical Hubbard U
parameters to PBE often improves the band gap and average
voltages but can perturb the electronic structure in the
process.85,138 Also, +U approaches are fundamentally problem-
atic for electrochemical (de)intercalation processes, as the
oxidation states of transition metals change during the course
of (de)intercalation, and the U parameter depends on the
oxidation states; however, U cannot be changed with charge
state/oxidation state to calculate continuous (de)intercalation
processes, as +U with varying values is not a constant

operator.85,91 For instance, for NCM523, the DOS obtained
using the PBE+U method (with constant U values of the TMs)
predicts a high contribution of oxygen states near the Fermi
level, whereas the TM d-states are found to be shifted to
energies significantly below the Fermi level.91 Such locations of
d states of the TMs and p states of oxygens are at odds with
the known electrochemical activity based on classical redox.
An additional detail worth noting is that even though

empirical dispersion corrections do not affect the electronic
structure directly, an indirect effect might be observed due to
different ionic minima positions or cell parameters.144

Some layered oxide materials are small gap insulators, e.g.,
LiCoO2 has a band gap of 2.7 eV.198 In comparison, the band
gaps of LiMnO2 and LiNiO2 are 1.64 and 0.4 eV,
respectively.195,199 In mixed NCM materials, the band gap
closes as one introduces more Ni (Figure 7).190 LDA and
GGA functionals often underestimate the band gap in these
materials,135 and it is necessary to include Hubbard U (with
appropriate U values) for the TMs to open up the band gap.
Alternatively, one may employ hybrid or meta-GGA func-
tionals, such as SCAN,138 where the inclusion of some exact
exchange or kinetic energy density can reduce electron self-
interaction and open up the band gap.
Calculation of DOS for the materials is an important tool to

understand the crystal field d-orbital splitting (eg and t2g) and
the hybridization of different orbitals. For instance, the Ni-ion
d-orbitals are located close to the Fermi level, as expected for
the electrochemically active ion. Additionally, in NCMs the
TM d-orbitals are usually hybridized with oxygen p-orbitals,
and these states are located near the Fermi energy (Figure 8).
The TM ions in NCM and NCA materials often have a

multitude of possible formal oxidation states. For example, Ni
can be in 2+/3+/4+ states, and Co can be in 3+/4+ states,
while Mn can be in 3+/4+ states.16,47,156 Different spin states
of TMs in NCM and NCA materials that can exist at various
Li-intercalation states are shown schematically in Figure 9.
Understanding the coexistence of multiple TM oxidation states
in NCM materials is crucial, as it determines much of the

Figure 6. Variation in unit cell lattice parameters, a, c, and volume, at
different intercalation levels (x) for LixNiO2, LixCoO2, and LixMnO2
using different functional combinations. (Reprinted with permission
from ref 138. Copyright 2018, Springer Nature. This image is used
under the Creative Commons Attribution 4.0 International License.
To view a copy of this license, visit https://creativecommons.org/
licenses/by/4.0/.)
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electrochemical behavior and issues such as capacity fading.86

For instance, the number of Ni2+ ions decreases, with a
concomitant increase in the number of Ni3+ ions, with
increasing Ni contents in NCM materials, e.g., from
NCM333 to NCM811.86 One can predict the oxidation state
of metal ions from the occupancy of different orbitals and the
spin states (i.e., magnetic moments) of the atoms (Figure 10).

The oxidation state of TMs is also important for
understanding phenomena such as Ni/Li disorder. Li/Ni
cation disorder can take place between Li+ and Ni2+ or Ni3+

ions. The similar sizes of Ni2+ and Li+ suggest that Ni2+ is most
prone to diffuse into the Li-layer. However, Zheng et al.200

suggested cation disorder involving both Ni2+ and Ni3+ ions
with Li+ ions and that this depends on the exchange interaction
between the TMs. These authors employed the PBE+U

Figure 7. Total and partial densities of states for (a) NMC333, (b) NMC442, (c) NMC532, (d) NMC622, and (e) NMC811, respectively. The
dashed lines represent the total densities of states. The blue, red, and green lines represent the partial densities of states of the TM 3d, O 2p, and Li
s orbitals, respectively. The Fermi energy is shifted to zero. Energy levels below −4 eV show large overlaps between O 2p and TM 3d orbitals due
to strong covalent interactions. The t2g population for the TM 3d orbitals dictates the energy range of −2 to 0 eV. The higher energy region above
the Fermi level includes antibonding states composed of TM 3d eg* orbitals and O 2p orbitals. The band gap gradually closes, and the Fermi energy
shifts to larger values from NMC333 to NMC811 due to the increasing amount of Ni. (Reprinted with permission from ref 190. Copyright 2017,
The American Chemical Society.)

Figure 8. Densities of states for (a−d) NCM-424, NCM-523, NCM-622, and NCM-811, 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. (Reprinted with permission from ref 86. Copyright
2017, The American Chemical Society.)

Chemistry of Materials pubs.acs.org/cm Review

https://dx.doi.org/10.1021/acs.chemmater.9b04066
Chem. Mater. 2020, 32, 915−952

923

https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04066?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04066?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04066?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04066?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04066?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04066?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04066?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.9b04066?fig=fig8&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.9b04066?ref=pdf


method, combined with experiments, to show that Ni3+ ions
prefer to exchange with Li, and changed the oxidation state to
2+ to stabilize antiferromagnetic interactions with Ni2+ ions
through superexchange interactions via oxygen. In such studies,
electronic structure methods are essential to understand ion
disorder, as well as the redox behavior of the TMs.
Zhang et al. also explored the role of cation disorder and

reconstruction of NiO6 octahedra in Ni-rich layered oxides.201

They showed from experiment and theoretical calculations that
symmetry breaking and reconstruction of NiO6 dictate the Li/
Ni migration pathways due to a comparable activation barrier
for migration of Ni and Li ions.
2.3.3. Intercalation Voltage. The volumetric or gravimetric

energy density of a battery depends on the open circuit voltage
(OCV). Thus, materials that provide a high voltage along with

an electrolyte that is stable at this voltage are crucial for
developing high energy density batteries. The voltage of a
battery, V(x), depends on the chemical potential of the
cathode and anode and is defined as109

V x
x x

zF
( )

( ) ( )cathode anodeμ μ
= −

−
(4)

Here, μcathode and μanode are the chemical potentials of the
cathode and the anode, respectively, z is the number of charge
units that are transferred, x is the chemical composition, and F
is Faraday’s constant. In the case of LIBs the value of z is
typically 1 and the chemical potentials are the chemical
potential of Li in the cathode and anode. As the chemical
potential is related to the change in free energy with respect to
the change in Li concentration in LIBs, the average equilibrium
voltage can be written as

V
G

xF
r̅ =

−Δ
Δ (5)

Here, ΔGr is the difference in free energy between the fully
lithiated and delithiated states and Δx is the number of Li ions
transferred. For solid-state materials the entropic contribution
to ΔGr is expected to be negligible at room temperature (<0.01
eV),37,100,109,114 and therefore the free energy difference, ΔG,
can be approximated as the potential energy difference, ΔE.
Therefore, the above equation can be written as

V
E

xF
r̅ =

−Δ
Δ (6)

In the case of the Li (de)intercalation reaction in LiMO2,
Lix1MO2 ⇄ Lix2MO2 + (x1 − x2)Li, V̅ can be written as

Figure 9. (a) Structure of LiNi0.5Co0.2Mn0.3O2. (b) Electronic configuration of Ni4+, Ni3+, Ni2+ Co3+ Co4+, and Mn4+ in MO6 octahedra in
NCM523. (Reprinted with permission from ref 85. Copyright 2016, published by the PCCP Owner Societies.) Schematic DOS for (c) Ni4+, (d)
Ni3+, and (e) Ni2+ in NCM811. (Reprinted with permission from ref 86. Copyright 2017, The American Chemical Society.)

Figure 10. Oxidation states of transition metal ions in various NCMs.
(Reprinted with permission from ref 86. Copyright 2017, The
American Chemical Society.)
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The potential energies of Lix1MO2 (ELi x1MO2
), Lix2MO2

(ELix2MO2
), and Li(ELi) can be determined using electronic

structure methods, such as DFT.
One can also compute the voltage as a continuous function

of change in Li ion concentration, V(x), to generate a voltage
profile. The voltage profile is more important for materials
having multiple transition metals such as NCM and NCA, as
the oxidation state of the transition metals varies with varying
x. Moreover, the nature of the voltage curve can provide vital
information about phase transitions occurring in the material
as x changes.202 However, the voltage profile computation
requires the structures of the materials at various values of x.
Here, eq 6 can be used to obtain the average equilibrium
voltage for different concentrations intervals, x and x + dx.
Since the averaging is performed at each interval, the voltage
profile obtained will be a step-like curve (Figure 11a). Instead

of computing voltages for a few selected intervals, it is also
possible to obtain voltages for all the compositions by
combining first-principles computations with a Monte Carlo
(MC) simulation approach, which can provide chemical
potential with varying x. Then, by using eq 7, the voltage
profile can be computed.37,100

DFT methods based on LDA and GGA were found to
underestimate voltages, and this has been ascribed to the
electron self-interaction error.37,100,203 However, in spite of the
inherent self-interaction error, LDA and GGA calculations
have successfully predicted voltage trends of layered oxide

materials.85,87,156,204,205 Adding Hubbard U correction to GGA
functionals can correct for the self-interaction error and, hence,
often provides absolute voltages in better agreement with
experiment (see Figure 12). Nonetheless, since the oxidation

states of TMs change during (de)intercalation, different U
values might be needed, and as mentioned above (Section
2.3.2), this is problematic. Surprisingly, sometimes a U value
that gives an overall correct electronic structure might not
predict the average voltage correctly. As noted for LiCoO2, the
Co U value that predicts an accurate electronic structure (U ∼
2.9) does not accurately reproduce the experimental average
voltage value, and a higher U is often selected (U = 4.9) to
obtain the correct average voltage of LiCoO2.

206,207 Hybrid
functionals, which correct for some of the self-interaction, were
found to reproduce the average equilibrium voltage and voltage
profiles of various battery materials rather accurately.37

However, hybrid functionals, such as HSE06, are computa-
tionally expensive, and the amount of exact exchange required
is system dependent.205,208 The recently developed SCAN
meta-GGA functional can give a better result for lattice
parameters, band gaps, electronic structure, and electro-
chemical properties for layered oxide cathode materials relative
to PBE, without using the notorious U parameter since SCAN
treats localized states better.138,209

2.3.4. Ion-Diffusion Kinetics and Paths. The time required
for a battery to fully charge and the power it can deliver are
two important parameters to consider when developing new
battery materials. In LIBs, the rate capacity of a material
depends on the Li diffusion within electrodes and between
electrodes through the electrolyte.37,40,100,114,173,210−212 As Li
ion transport through a liquid electrolyte is considered to be
much faster compared to that in a solid material, diffusion
within the electrodes will often be the rate-determining step for
Li shuttling between electrodes.212

One of the key quantities while studying diffusion
phenomena is the diffusion constant. Though experiments
can determine the diffusion coefficient, it is difficult to separate
the diffusion rate in solution, in solid, and through the solid−
electrolyte interphase (SEI). Additionally, varying sample

Figure 11. (a) Calculated OCV vs capacity for all Li1−xMO2 (0 ≤ x ≤
1) NCM structures (Ni = 33%, 56%, 78%, and 100%). The theoretical
maximum capacity of 274 mA h g−1 is used. (b) Experimental results
of voltage vs capacity for NCM structures with Ni = 33% and 60%.
(Reprinted with permission from ref 191. Copyright 2016, Elsevier.)

Figure 12. Difference between calculated and experimental Li
intercalation potentials for GGA, GGA+U, and HSE06. (Reprinted
with permission from ref 100. Copyright 2016, Springer Nature. This
image is used under the Creative Commons Attribution 4.0
International License. To view a copy of this license, visit https://
creativecommons.org/licenses/by/4.0/.)
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defect concentrations in different experiments can result in
different measured diffusion coefficients. Computational
studies of diffusion in different types of LIB cathode materials
employing classical MD, AIMD simulations, and DFT
calculations combined with the NEB technique play a crucial
role in our current understanding of the Li-ion diffusion
pathways and kinetics, along with experimental data.37,100,173

Diffusion constants of ions in solid-state materials are
affected by the electrostatic and steric interactions between the
ion and the host, as well as the structure of the host material.
By Fick’s law, the diffusion constant, D, is related to the change
in particle density, ρ, as

t
D 2ρ ρ∂

∂
= ∇

(8)

However, this relation is for a macroscopic system. For a
microscopic system the diffusion constant can be determined
using Einstein’s relation,100 where D is related to the total
displacement, R(t), of the particles as

D
d

t

t
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2
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( )

t

N
1 2

= Θ
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where R(t) = ∑I=1
N RI(t) for an N particle system with

individual particle displacement RI at time t. Θ is the
thermodynamic coefficient, which relates the change in
chemical potential of the diffusing particles with their
concentration, and d is the ion diffusion dimension. For
layered LIB cathode materials, the value of d is 2. In the limit
of infinite dilution, where the value of Θ is unity, D can be
computed from the mean square displacement (MSD) in the
limit t → ∞,100,173
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In the above equation, RI(t) is the position of particle I at time
t, which can be obtained from MD or kinetic MC (KMC)
simulations. Here Dself is the self-diffusion constant, which is

the diffusion constant in the absence of any external field. In
principle, both classical MD and AIMD simulations can be
used to determine the diffusion constant in the dilute and
nondilute limits (using eqs 8−10). However, in the nondilute
cases, where Θ is not unity, AIMD simulations are challenging.
This is because the estimation of Θ requires a grand canonical
ensemble simulation, as the value of Θ depends on the change
in chemical potential with respect to the change in the
concentration of the diffusing ion.100,115 In order to compute
Dself using eq 10, it is necessary to generate long trajectories as
Li diffusion in layered materials has significant energy barriers,
i.e., the diffusion includes rare hopping events. Generating such
a long trajectory from AIMD simulation is computationally
expensive. In contrast, classical MD or KMC simulations can
reach long time scales, but with lower accuracy potentials. Van
der Ven et al. studied Li diffusion in the nondilute limit for
LiCoO2 using a combination of first-principles computations
and KMC simulations.213 Here, the configuration dependence
of diffusion barriers in the nondilute limit was accounted for by
employing a local CE approach, and the value of Θ was
computed by performing grand canonical ensemble MC
simulations.213

In addition to MD and KMC simulations, where the time
evolution of the system is analyzed, static computations
utilizing calculation of stationary points on the PES, such as
DFT, can be used to compute the diffusion coefficient. Here,
one assumes diffusion along a predefined reaction path (i.e.,
reaction coordinate), and the activation barrier along the path
is determined. In the case of Li diffusion in LIBs, a hopping
mechanism may be considered, where the Li-ion crosses
barriers ≫ kBT (kB is Boltzmann’s constant and T is the
temperature). Then, by utilizing transition state theory, the
rate constant for the diffusion can be evaluated as

k T
E

k T
( ) exp

B
υ= −Δ ‡Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ (11)

Here, ΔE‡ = ETS − ER is the difference between the energy of
the transition state (ETS) and reactant state (ER) and υ is a

Figure 13. (left panel) Li diffusion barrier profiles for the (a) ODH path and (b) TSH path in LiNi0.5Co0.2Mn0.3O2. (right panel) Li diffusion paths
for fully lithiated LixNi0.5Co0.2Mn0.3O2 for the (a) ODH path and (b) TSH path, (c) top view of the ODH path, and (d) top view of the TSH path.
Color code for spheres: red, oxygen atoms; green, Li atoms; gray, Ni atoms; and pink, Mn atoms. Yellow spheres indicate NEB images for the Li
atoms. Only the Li migration part of the system is shown for clarity, although the calculations were performed on the full 60 formula unit systems.
(Reprinted with permission from ref 85. Copyright 2016, published by the PCCP Owner Societies.)
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temperature dependent prefactor. For a hopping process, ΔE‡

is the energy barrier for hopping and υ is the hopping
frequency. Typically, υ takes values between 1011 to 1013

s−1.115 For a hopping mechanism, the diffusion coefficient
can be computed as

D T l k T( ) ( )2= (12)

where l is the hopping distance between adjacent sites.
One of the widely used approaches to compute the

minimum energy pathways for the diffusion process, and
hence ΔE‡, is the NEB method.182,214 Here, one has to provide
an initial set of geometries called images that connect two
states, reactant and product, that are separated by a transition
state. Here, the initial set of geometries along the reaction path
can be generated by a linear interpolation of the coordinates
undergoing maximum change during the conversion of
reactant to product. Minimization of the forces on each of
these images, which are connected to the neighboring images
by springs, yields the minimum energy path (MEP). This is
straightforward if only one MEP is present. If multiple MEPs
are present, then the NEB algorithm will lead to the nearest
MEP. In such cases, methods like simulated annealing can be
useful for optimization of the images. The NEB method, in
conjunction with DFT, has been widely used to determine the
mechanism and the activation barriers for ion diffusion in
battery materials.37,100,173 It was found that the GGA
functional performs better compared to the self-interaction
corrected GGA+U functional due to overlocalization of
electron density at the nuclei along the Li-diffusion pathway.100

Computational studies on diffusion have suggested two
hopping pathways for Li ions in cathode materials: the oxygen
dumbbell hopping (ODH) and the tetrahedral site hopping
mechanism (TSH) (Figure 13).115,117,213 Along the ODH
pathway, Li ions hop to a vacancy site via the shortest path,
which crosses an oxygen dumbbell. Here, immediate
neighboring sites of the vacancy are occupied by Li ions.
Along the TSH route, Li migrates to the vacancy site through a
tetrahedral site along a curved path. Here, at least one of the
two sites adjacent to the vacancy to which Li hops should be
vacant. First-principles studies show that the configuration with
a Li ion in the tetrahedral site has a shallow minimum, the
deepness of which depends on the number of vacancies in the
proximity of the hopping site.85,115

The mechanism and the barrier for the diffusion depend on
various factors, such as concentration and arrangement of Li
ions, vacancies, and Li-slab spacing.115,117,213 It was found that
the ODH pathway is favored at high Li concentration, whereas
the TSH pathway is preferred at low Li concentration for
NCM materials.117 Along the TSH pathway, where Li-ions
transport through tetrahedral sites, the barrier was found to be
lower for a divacancy mechanism compared to the
monovacancy mechanism.115,116 Since the number of vacancies
decreases with increase in Li concentration, Li migration along
this pathway is less likely at high Li concentrations.116 The
preference for the divacancy route can be attributed to the
absence of repulsion between Li ions in the tetrahedral region
and the transition metal ions in the face sharing octahedra,
whereas there is Li−TM repulsion along a monovacancy
pathway.40,85,115,116,215

We also note that the diffusion coefficient increases with
increasing content of Ni in NCMs, and this trend is found both
from ab initio MD simulations and experiments, as reported by
Wei et al.117 These authors showed that Li diffusion in the

vicinity of Ni2+ and Ni3+ ions (which are more abundant in Ni-
rich NCMs) has a lower activation barrier compared to
pathways near Ni4+, Co3+, and Mn4+ ions.

2.3.5. Surface Properties. Rate capability, stability, cycling
performance, and in some cases even the capacity and energy
content of LIBs are significantly affected by the surface
structure and surface properties of the cathode materi-
als.216−218 Since layered cathode materials used in LIBs are
nucleophilic and basic by virtue of the negatively charged
oxygen atoms, they undergo surface reactions with electro-
philic solution species (e.g., alkyl carbonate solvents, protic
contaminants) to form surface films that behave like SEI on the
active mass.219 These surface films are usually protective and,
hence, enhance stability. However, the presence of surface
films increases the impedance of the cathodes.220 Layered LIB
cathode materials also undergo surface reconstruction during
cycling, such as conversion to spinel and/or rock-salt
structure.77,87,157,221,222 Migration of the transition metal in
the LIB cathode materials to the adjacent Li layer during
cycling has been suggested as being partially responsible for
this surface reconstruction.77,87,157,221,222 Spectroscopic studies
by Lin et al. on NCM (LiNixCo1−2xMnxO2) indicate that
surface reconstruction can also occur due to reaction between
electrolyte and cathode.223 The surface reconstruction layers
thus formed increase the barrier for Li diffusion, which in turn
reduces rate capability of the materials.224 Moreover, surface
reconstruction can cause material degradation by extending
from the surface to the interior of the material.224,225

Development of new synthetic methods, surface doping, and
surface coating were found to be successful in improving
cycling performance and rate capability by stabilizing the
surfaces.226,227 Understanding the factors influencing the
surface stability of cathode materials is crucial, and theory
can contribute significantly to this.
Computational studies provide invaluable thermodynamic

and atomistic information regarding the surface structure and
reactivity and, along with experiments, can greatly enhance our
understanding of SEI formation and reconstruction/degrada-
tion processes.93,197,224,228−232 In computational studies the
stability of the surface may be obtained from the surface energy
(γ) for slab models, using the general formula.233

E NE
A2

slab bulkγ =
−

(13)

Here, Eslab is the energy of the slab (neglecting entropic
contributions), and Ebulk is the energy of the bulk system per
formula unit, which is the same formula unit as the slab. Here,
the number 2 appearing in the denominator accounts for the
two free surfaces in typical three-dimensional slab models. N
and A denote the number of formula units in the slab and the
area of the slab, respectively. DFT computations, in
combination with the NEB approach, have been employed
to study the mechanism of SEI formation.228−232,234

Surface reactivity in layered materials plays an important role
in the safety and longevity of LIB.229,232,234 There are several
theoretical studies on the reaction mechanism of electrolyte
with basic layered LCO, LNO, and NCM cathode materials,
and ring-opening mechanisms for ethylene carbonate (EC) at
the cathode surface are found to be dominating.231,232,235

Giordano et al. showed from DFT+U calculations that there
are four different mechanistic routes, such as nucleophilic
attack, electrophilic attack, and dissociation with and without
formation of oxygen vacancies when EC is reacting at the
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layered oxide surface.230 Further, in a recent study232 on the
reactivity of the EC at the LiMO2 surface (M = Ni, Co, Mn), it
was shown that oxygen sites are more reactive toward
electrolyte oxidation reactions. These authors calculated the
reaction energies and kinetic barriers using the climbing image
NEB method and showed that the energy of hydrogen
absorption relates to the distance between the Fermi and the O
2p levels. The key surface reaction steps in the EC ring
opening process in NCM cathode materials were presented by
Xu et al. using DFT+U.231

Segregation of TMs at the surface for Ni-rich NCM/NCA is
seemingly a general phenomenon. Liang et al. showed that if x
< 0.1 in LiNi1−2xCoxMnxO2, i.e., Ni-rich NCMs, Co and Mn,
which are in the local environment of Ni, segregate at the
surface.157 They proposed a bond model for the calculation of
bond strength between two transition metal ions in NCMs to
explain the atom segregation at the surface of Ni-rich NCMs.
2.3.6. Material Stability and Phase Transition. During

delithiation of layered cathode materials (LiMO2, R3̅m), TM
atoms rearrange due to the presence of Li or oxygen vacancies
and the structure may transform to a different phase, such as
spinel or spinel-like (LiM2O4, Fd3̅m), rock-salt (MO, Fm3̅m),
or monoclinic phase (LiMO2, C2/m) (Figure 14).40,236−238

From a computational perspective, one can investigate phase
transformation by calculating the free energy of the different
phases as a function of the Li concentration (Figure 15).240,241

Ceder, Van der Ven, and co-workers showed that the free
energy (F) can be calculated using a combined approach of
first-principles calculations and statistical mechanics:240,241

F k T Zln( )B= − (14)

The ground state free energy and the difference in free energy
between different phases can be obtained from first-principles
and used to estimate the partition function (Z).
In this phase transformation, TM atoms move to interstitial

octahedral positions in LiMO2 and Li atoms move to either an
octahedra or tetrahedra interstitial position to form a spinel
LiM2O4 phase. In general, TMs and Li ions occupy the
interstitial sites along the (111) planes in the layered R3̅m

structure, while the positions of the O-ions remain unchanged.
For example, in the case of LixMnO2, Mn atoms move from the
Mn(111) plane to the Li(111) plane.236,242 In situ X-ray
diffraction studies by Reimers and Dahn showed that there is a
phase transition from hexagonal to monoclinic symmetry in
LiCoO2 upon delithiation,243 and Van der Ven et al.
subsequently showed the same transition from theoretical
calculations.240 Layered LiNiO2 R3̅m structure transforms to
the monoclinic C2/m phase upon cycling, as Ni ions readily
occupy Li layers.58,244

Beyond these basic homocationic layered materials, binary
and ternary layered oxides, such as LiNi1/2Mn1/2O2, NCM, or
NCA, suffer from similar capacity fading due to phase
transitions.239,245 In the case of binary oxides, the layered
material transforms from layered to spinel due to the presence
of Jahn−Teller distortion centers (e.g., Mn and Ni).245 In the
case of NCM, the thermal stability decreases with increasing
contents of Ni ions (Figure 16). In NCM, Ni ions are present
in different oxidation states, and these ions affect the material’s
stability to different degrees: Ni4+ ions are highly oxidizing, and

Figure 14. Schematic illustration of the phase transition and the possible TM cation migration path in charged NCM cathode materials during
thermal decomposition. (Reprinted with permission from ref 239. Copyright 2014, The American Chemical Society.)

Figure 15. Schematic free energy curves for layered and spinel
LixM2O4. (Reprinted with permission from ref 40. Copyright 2017,
Wiley-VCH.)
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it is therefore beneficial to reduce the number of ions in this
oxidation state.86 On the other hand, Ni2+ and Li+ ions have
similar ionic radii, making Ni2+ prone to cation mixing with
Li+.50

As mentioned above, during delithiation of layered R3̅m
cathode materials, TM atoms rearrange due to the presence of
Li or oxygen vacancies, and the structure may transform to a
different phase, such as spinel, rock-salt, or monoclinic phase.
There is direct correlation between such phase transitions and
oxygen release in the case of LIBs, and these are also associated
with material safety.227 During cycling, structural changes
occur, and oxygen is released from the system and may react
with electrolyte carbonic components, thus damaging the cell.
In general, greater Ni content in NCMs results in greater
oxygen release.246 Wang et al. explained the thermal stability of
oxide cathode materials calculating the Gibbs free energy for
the release of oxygen.247 The general reaction for the oxygen
release from the layered cathode material was estimated as
follows.247

zLi M O Li M O /2Ox y z z x y z 2→ + ′+ ′ (15)

If the entropy change due to oxygen release is ΔS then the
change in Gibbs free energy is247

G H T S E E

z E T S

(Li M O ) (Li M O )

/2 (O )

x y z z x y z

2

Δ = Δ − Δ ≈ − ° + °

+ ′ · − Δ

+ ′

(16)

Using this free energy at different Li concentrations, one can
construct the phase diagram.
It is important to note that the oxygen release due to the

change in structure during delithiation occurs only at a high
temperature (600 °C) in some NCMs with low nickel contents
(up to 50%), and these are considered safe cathode
alternatives. In Ni-rich NCM622 or NCM811, oxygen release
occurs at lower temperatures (at 550 and 365 °C,

respectively), hence affecting stability, as well as the safety of
the system.239

The thermal stability problem discussed above may be
ascribed to Li/Ni cation mixing, which is most pronounced for
Ni-rich NCMs. There are additional factors that can promote
oxygen release, as discussed by Zheng et al.248 These authors
employed PBE+U computations combined with experiments
to show that the thermal stability of NCMs depends strongly
on the presence of unstable oxygen, which in turn depends on
the local oxygen coordination environment. It was proposed
that oxygen release from unstable sites can be avoided by
controlling the Li content, oxidation state of Ni ions (i.e.,
presence of Ni2+ and Ni3+), content of Ni, Co, and Mn, and
Li/Ni mixing. Oxygen vacancy formation energy calculations
suggested that NCMs with equal proportions of Ni and Mn are
more thermally stable than Ni-rich NCMs.
In a recent report by Li et al., it was shown from in situ XRD

and DFT calculations that lattice collapse resulting in capacity
fading during cycling in NCMs occurs at a deep charge limit
irrespective of Ni content, and it depends on Li utilization.249

Recently, it was shown that oxygen loss in layered materials
is a two-step process in the case of NCA801505 layered
cathode materials.250 In the first step loss of oxygen is very fast,
forming an amorphized rock-salt structure in the layered
cathode surface, and in the subsequent step loss of oxygen
slows down by the formation of crystalline rock-salt at the
subsurface.250

Doping with high-valent metal ions can improve the stability
in layered materials, as it increases the number of Ni2+ ions,
while decreasing the number of Ni3+ and Ni4+ ions, as a result
of charge compensation.87 We will discuss the advantages of
doping in greater detail below.

2.3.7. Doping in Layered Cathode Materials. Lattice
doping is an effective strategy to enhance the structural
stability and electrochemical properties in cathode materi-

Figure 16.Mass spectroscopy profiles for oxygen (O2, m/z = 32) collected simultaneously during measurement of TR-XRD and the corresponding
temperature region of the phase transitions for NCM samples (lower panel). (Reprinted with permission from ref 239. Copyright 2014, The
American Chemical Society.)
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als.87,94 An assortment of studies of the effect of doping on
NCM and NCA materials have shown that this is a promising
strategy to improve properties, such as capacity, capacity
retention, and kinetics. For example, doping with elements
such as Fe,251 Cr,252 Mg,252−254 Al,252,255−257 Nb,258 Zr,87,259

Sn,260 Zn, W,93 Mo,261 and rare earth elements, such as La, Ce,
and Pr,262 was explored for various NCM-cathode materials.
Yoshida et al. further showed that Nb doping in LNO is
preferable over other dopant such as B, Mo, Os, Bi, and Tc
through high throughput screening using DFT with optB86b-
vdW-XC.196 A recent computational study by Kim on Zr-
doped LNO showed that the Li-ion diffusion barrier along the
(012) surface plane is lower than that along the (003) surface
plane.263 The doping concentration of Zr is higher near the
(012) surface compared to the (003) surface plane, and it
decreases with distance from the surface for (012). This work
also showed that Zr doping in LNO suppresses oxygen release
because of enhanced covalent and electrostatic interaction of
TMs with O ions. Using first-principles DFT calculations, Dixit
et al. suggested that the oxidation state of Ni ions is central to
both the electrochemical activity and the stability of NCMs,
and the Ni2+ oxidation state is desirable due to ionic Ni−O
interactions and availability of redox-active electrons.85−87 On
the other hand, Ni4+ is undesirable as it leads to Ni−O
covalency, as it tends to reduce to Ni2+. Based on these
findings, they suggested a high-valent cation doping strategy,
which can be employed to reduce the oxidation state of Ni ions
(in Ni-rich materials) through charge compensation.
These doped systems can be handled by first-principles

supercell approaches by replacing a TM or Li with the dopant.
A challenge arises when dealing with a very low doping
concentration, as there is a need to employ very large
supercells, and these calculations can be very expensive. Finite-
sized supercell errors can result from interactions between
impurities (i.e., dopants) and their periodic images. Correction
schemes to alleviate this error have been proposed by several
researchers.264,265

To determine an optimal dopant for a particular material it is
vital to have an atomistic understanding of the effect of dopant
on the host material. Computational studies have been
employed to understand the effect of doping on structural
and electrochemical properties of NCM materials.87 In
computations, the optimal dopant sites may be determined
by comparing different substitution energies, ESub. For
example, a substitution reaction that dopes an element X at
the M site of LiMM′O2 may be written as

N N
1

LiM M O Li XO
1

LiX M O LiMON N2 2 2 2′ + + → ′ +

(17)

and the corresponding substitution energy, ESub, is given by

E
N

E N E E N E

N E

1
( ) (

)

Sub LiX M O LiMO LiM M O Li

XO

N N2 2 2

2

= [ + · − + ·

+ · ]

′ ′

(18)

where ELiXNM′O2
and ELiMNM′O2

are the total energies of the

doped and undoped materials, respectively, ELiMO2
and EXO2

are
the total energies of the lithiated material and the oxide of the
dopant metal, respectively, ELi the energy of Li, and N is a
constant to maintain the stoichiometry. Once the optimal
dopant sites have been obtained from the substitution energy
computations, the electrochemical properties of the doped

material can be studied in the same way as those for the
pristine material. In general, this approach has been used for
different dopants in different NCM materials.87 In the above
description, the ground state lithiated oxide, LiMO2, is taken as
the reference for the TM removed on doping.

2.3.8. Studies Using Nuclear Magnetic Resonance (NMR)
Spectroscopy. 2.3.8.1. Chemical Shifts. Solid-state NMR has
been used extensively to investigate cathode materials for
LIBs.185,186,266−269 Theoretically, one may compute the
chemical shielding tensors and electric field gradient for
layered cathode and anode materials using DFT ap-
proaches.270,271 These calculations rely on theoretical
advances, such as the GIPAW (Gauge Including Projector
Augmented Wave) method,272 which is implemented in the
VASP152−154 and WIEN2k273 codes, making it possible to
calculate the NMR chemical shifts and electric field gradients
in periodic systems.272,274,275 Recently, large-scale para-
magnetic NMR on extended solids was reported using the
computationally efficient Gaussian augmented plane-wave
method implemented in the CP2K code.276 First-principles
GIPAW calculations can yield the absolute chemical shielding
tensors for each nucleus, σ̂(R), and the chemical shielding
tensor σ̂ determines the total magnetic field at the atomic
nucleus,

B B(1 ) extσ= − ̂ (19)

where Bext is the external magnetic field. The isotropic

chemical shielding Tr Trx y ziso
1
3

1
3

σ σ σ σ σ= [ + + ] = [ ] is

compared to the experimental isotropic chemical shifts by
using

iso ref isoδ σ σ= − (20)

where σref is the isotropic chemical shielding for a reference
material.

2.3.8.2. Electric Field Gradients (EFGs). A nucleus will be
NMR active or inactive, depending on the nuclear spin, I. If a
nucleus has spin quantum number I > 1/2, it has an electrical
quadrupole moment, Q, due to the nonspherical distribution of
charge in the nucleus. Therefore, NMR spectra are additionally
broadened by quadrupolar interactions, i.e., interactions with
the electric field gradient (EFG) at the nucleus. This is termed
the nuclear quadrupole interaction (NQI), and the NQI affects
both the line shape and line intensity. Due to these effects, it
can be difficult to interpret NMR spectra, and theory can be a
valuable tool to estimate the contribution of quadrupolar
interactions.277

When the magnitude of the quadrupolar interaction is
nonzero, the NMR line shape of a quadrupolar nucleus
possesses characteristic features and broadening, which impact
the NMR line width. The total isotropic shift is the sum of two
isotropic components and can be written as

tot iso
(CS)

iso
(2Q)δ δ δ= + (21)

where the first term is the isotropic chemical shift (CS) and the
second term is the isotropic second-order quadrupolar shift.
For a nucleus with spin I, the isotropic quadrupolar shift (in
ppm) of the central transition can be obtained using the below
expression:
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where ω is the Larmor frequency of the nucleus, Cq is the
quadruple coupling constant, and η is the quadrupolar
asymmetry parameter.
To provide additional insights into NMR spectra, the Bader

charge approach may be helpful, as one can readily distinguish
between the shielded and deshielded atoms and, hence, aid in
assigning the NMR peaks.

3. THEORETICAL STUDIES OF LAYERED NCM AND
NCA MATERIALS

In this section, we discuss reported calculations of a wide range
of properties for NCM and NCA materials using the methods
described in the previous section.
3.1. NCM Materials. NCM materials are generally found as

layered structures, with R3̅m symmetry, as mentioned above.
In these layered structures, a multitude of Ni, Co, and Mn
configurations that influence material properties are possible.
In this section, we first elaborate on the most common NCMs,
such as NCM333, NCM523, NCM622, and NCM811,
followed by a discussion of other available NCMs, like
NCM424, NCM71515, and NCM, with more than 80% Ni.
3.1.1. NCM333. Li[Ni1/3Co1/3Mn1/3]O2 (NCM333) was

reported in the literature in 2001 by Ohzuku and Makimura.71

This is a widely studied LIB cathode material that has been
commercialized,20 due to its high capacity and good thermal
and structural stability.50,72,278 Indeed, among various
LiNi1−x−yCoxMnyO2, NCM333 was found to possess superior
capacity retention, thermal stability, and structural stabil-
ity.50,72,76 These favorable properties are attributed to the
combination of Ni (capacity), Co (kinetics), and Mn
(stability),50,72,76 and low Ni content prevents cation
disorder278 and oxygen release.50,239,279 Indeed, capacity
retention, along with stable cycling, was found to be possible
at voltages up to 4.4 V for NCM333.76 However, low Ni
content also results in low initial discharge capacity and
electronic conductivity for this material compared to other
layered TM oxides (e.g., Ni-rich materials).50,72 The
rechargeable capacity of this material was found to be 200
mAh g−1 in a voltage window of 3.5−5.0 V.71

3.1.1.1. NCM333 Structure. NCM333 has a distorted rock-
s a l t o r α - N a F eO 2 s t r u c t u r e ( s p a c e g r o u p :
R3̅m).71,156,278,280,40,184 Computational studies by Koyama et
al.184 using the local spin density approximation (LSDA)
approach and electron diffraction experiments by Yabuuchi et
al. indicated that the TM layers consist of a [√3 × √3] R30°

superlattice structure.184,281,282 First-principles studies by
Karino using the Hartree−Fock−Slater based discrete varia-
tional−Xα method also suggested the [√3 × √3] R30°
superlattice structure.282 Li NMR studies185,186 and a
combination of Li NMR and simulated annealing computa-
tions283 also suggest the presence of such a √3 TM ordering.
In particular, pioneering detailed studies on the local
environment and cation ordering in NCM333 using Li-solid-
state NMR were presented by the groups of Goward and Grey
(see Figure 17).185,186,283 Goward and co-workers brought the
first experimental evidence for local TM√3-ordering using 6Li
NMR and showed a correlation between the degree of cation
disorder and the magnitude of the chemical shift.169 No
calculations were performed in this work. A subsequent study
by Grey and co-workers showed, using a combination of 6Li
NMR measurements, neutron pair distribution function
analysis, and reverse MC calculations, that NCM333 has
nonrandom distribution of Ni/Mn cations in the TM layers.
Here, Ni ions were found to be closer to Mn cations, forming a
[√3 × √3] R30° structure.186 Goward and co-workers also
showed in a more recent study283 from a combined approach
of 7Li NMR measurement and simulated annealing MC that
there is a tendency to form Ni−Mn clusters in otherwise
heavily disordered NCM333 and related structures. In this
work, the concept of regional electric charge neutrality in the
system was assumed, and considering that this is a generic
property, the method is expected to be widely applicable.
X-ray diffraction studies by Yang et al. indicated that the a

and c lattice parameters for this material are 2.8653 and
14.2608 Å, respectively,284 and Zhang et al. also reported
similar values for a and c lattice parameters (2.866 and 14.26 Å
for a and c, respectively).285 DFT computations with the
LSDA approach underestimated the lattice parameters,184

whereas computations employing a GGA functional156,286,287

and the HSE06 hybrid functional288 produced lattice constants
close to the experimental values (see Table 3). From Table 3,
we see that the c lattice parameter obtained using the PBE

Figure 17. Schematic illustrations of the three ordered models proposed in the text for one TM layer in Li[Ni1/3Mn1/3Co1/3]O2: (a) [√3 × √3]
R30°-type superlattice, (b) parallel, and (c) zigzag arrangements. (Reprinted with permission from ref 186. Copyright 2007, The American
Chemical Society.)

Table 3. a and c Lattice Parameters (Å) for NCM333 Using
Different Levels of Theory

level of theory a c ref

LSDA with ultrasoft pseudopotentials 2.831 13.88 ref 184
PBE with PAW 2.897 14.154 ref 286
GGA with ultrasoft pseudopotentials 2.892 14.251 ref 156
PBE with ultrasoft GBRV-type
pseudopotentials

2.883 14.232 ref 287

HSE06 with PAW 2.85 14.23 ref 288
experiment 2.8653 14.2608 ref 284
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functional in combination with GBRV-type ultrasoft pseudo-
potentials289 is comparable with that obtained using the
HSE06 hybrid functional.290 GGA156 and LSDA184 studies also
showed that the lattice parameter a decreases with decrease in
Li concentration until half-lithiation and then increases with
further decrease in Li concentration, whereas the c lattice
parameter was found to follow an opposite trend. This is also
in agreement with the combined experimental and PBE+U
studies by Markus et al.204 and X-ray and neutron diffraction
studies by Yin et al.291

3.1.1.2. NCM333 Electronic Structure. LSDA,184

GGA,156,190 and GGA+U157,204 functionals have been
employed by different groups to probe the electronic structure
of NCM333. The main characteristics of the electronic
structure, as reflected in the DOS, were found to be the
same irrespective of the DFT functional used. Analysis of the
distance between various transition metal ions and electronic
structure using LSDA184 and GGA calculations156,190 indicates
that the oxidation states of the TM ions are 2+, 3+, and 4+ for
Ni, Co, and Mn, respectively, for the pristine material.
Electronic structure calculations employing the PW91+U
functional also support this.292 The above-mentioned DFT
studies employing both LSDA184 and GGA156 show that, as
the Li concentration decreases, Ni ions adopt the 3+ and 4+
oxidation states and Co is found in a 4+ oxidation state,
whereas the oxidation state of Mn is unchanged. This is also in
agreement with the combined experimental and PBE+U
studies by Markus et al.204 and X-ray absorption spectroscopy
studies by Yoon et al.293 The total moment of each TM,
obtained by integrating the GGA spin density in the valence
states, indicates that Ni is in a high spin (HS) state for the 2+
oxidation state, whereas Ni in 3+ and 4+ is in a low spin (LS)
state.156 Co(+3) was found to exist in an LS state, whereas
Mn(+4) was found to be in an HS state.40,156 GGA based
computations indicate that the spin arrangement for the
minimum energy structure of NCM333 is antiferromag-
netic.156 Analysis of the DOS obtained from both LSDA184

and GGA computations156 for various Li concentrations
indicates that the band gap decreases with a decrease in Li
concentration. The Fermi level of NCM333 was found to
consist of Ni eg states and the conduction band consists of Mn
t2g states using either LSDA or GGA.156,184 It was also
observed that the overlap between 2p oxygen orbitals and the
TM d orbitals increased with decreasing Li concentration.156

3.1.1.3. NCM333 Voltage Profile. NCM333 was found to
have initial discharge capacities of 150 mAh g−1 and 220 mAh
g−1 in the voltage windows 2.5−4.2 V and 2.5−5.0 V,
respectively, with a 0.17 mA cm−2 current density. The
rechargeable capacites were 150 mAh g−1 and 200 mAh g−1 in
the voltage windows 3.5−4.2 V and 3.5−5.0 V, respectively,
with the same current density.71 Noh et al. reported an initial
discharge capacity of 163 mAh g−1 in the 3.0−4.3 V range with
0.1C current in NCM333.72 Capacity fading was observed for
this material when cycled above 4.4 V, and this can be ascribed
to oxygen release from the surface of the material at high
voltages.76 Electrochemical studies by Zhao et al. on NCM333
indicated that an increase in cation mixing between Li and Ni
can result in reduced rate capacity and discharge capacity.286

This is also in agreement with the higher specific capacity and
initial discharge capacity of carbon coated NCM333 compared
to uncoated NCM333, as carbon coating reduces cation
exchange.285 DFT studies of Koyama et al. employing the
LSDA approach,184 and GGA studies by Hwang et al.156

showed that the average voltages for three Li-concentration (x)
ranges, 1 ≥ x ≥ 2/3, 2/3 ≥ x ≥ 1/3, and 1/3 ≥ x ≥ 0, are in
good agreement with experiments.284,294 In the former two
concentration ranges, i.e., 1 ≥ x ≥ 1/3, the redox couples
involved are Ni2+/Ni3+ and Ni3+/Ni4+, respectively, whereas for
the 1/3 ≥ x ≥ 0 range, the redox couple is Co3+/
Co4+.156,184,284,294

Markus et al.204 studied the voltage profile of NCM333
using GGA and GGA+U in order to optimize U values
adopted from those of the lithiated single metal oxide. The
authors noted that the lithium intercalation voltage for pure
GGA was found to be underestimated by ca. 1 V. These
authors fine-tuned the U parameters to match the experimental
voltage profile but noted that this yields incorrect redox
behavior, i.e., Co oxidizes before Ni.

3.1.1.4. Ion Diffusion in NCM333. As discussed above in
Section 2.3.4, Li ions can diffuse via ODH and TSH pathways.
Generally, Li ions are presumed to migrate via ODH paths in
the early stages of delithiation, while TSH dominates as the
delithiation process progresses. Specifically, the ODH pathway
is preferred when there is a local monovacancy, while TSH is
dominant when there is di- or higher vacancies.
Li diffusion along various paths, via mono- or divacancy

mechanisms, was studied by Hoang and Johannes using the
HSE06 functional in combination with the NEB method. Li
diffusion is expected to follow the monovacancy mechanism in
the fully lithiated limit, due to the low concentration of the
vacancies, whereas upon extensive delithiation the divacancy
mechanism is preferred.117,295 The activation barriers using
HSE06 for the Li migration were found to be 0.64−0.75 eV
and 0.26−0.28 eV for the mono- and divacancy mechanisms,
respectively.288 PBE computations in combination with
neutron diffraction and electrochemical kinetic experiments
by Zhao et al. indicated that Li diffusion barriers increase with
greater cation exchange,286 and this increase can be attributed
to a decrease in interslab spacing due to cation ex-
change.118,286,296

3.1.1.5. NCM333 Surface Studies. Structural layered to
rock-salt phase transformation of the surface region during
cycling of NCM333 was found in EELS and scanning
transmission electron microscopy (STEM) studies by Liu et
al.297 It was found that the poor electron and ion conducting
nature of the rock-salt structure affects the capacity of the
material.297 Atom probe tomography and transmission
electron microscopy (TEM) studies of Lee et al. identified
the presence of a spinel structure, which could be a
transformation bridge between the layered and rock-salt
structures.298,299 According to this study, Ni migration from
the transition metal layer to vacant sites in the Li layer, with a
concomitant Ni migration from the bulk to the surface, is
responsible for the layered to spinel or rock-salt transformation
near the surface. PBE+U computations performed by the same
authors, combined with the NEB approach, showed that Ni
migrates from the octahedral TM site of the transition metal
layer to the octahedral sites of the Li layer along a tetrahedral
site (i.e., TSH mechanism). Subsequently, Ni migrates from
the material bulk to the surface by hopping between octahedral
Li sites.298 Garcia et al. analyzed the stability of various low
index polar and nonpolar surfaces of NCM333 by comparing
the surface energies computed using PBE+U, as well as the
HSE06 level of theory.300 This study identified the nonpolar
(104) and the polar (012), (001), and (110) surfaces as the
most stable ones. In this study, the Co3+ ion of the (104)

Chemistry of Materials pubs.acs.org/cm Review

https://dx.doi.org/10.1021/acs.chemmater.9b04066
Chem. Mater. 2020, 32, 915−952

932

pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.9b04066?ref=pdf


surface was identified to be in its HS configuration, in contrast
to its LS configuration in the bulk material. The stabilization of
the surface due to this high spin configuration of Co at the
(104) surface can lead to Co segregation on this particular
surface. Oxygen vacancy creation on the polar (012) surface
was found to be more likely than at the nonpolar (104)
surface. This suggests that the (012) surface is more reactive
than the (104) surface toward oxidation reactions, such as
electrolyte decomposition.300

3.1.1.6. Surface Coating and Lattice Doping Studies of
NCM333. Surface coating and doping of NCM333 were found
to improve the electrochemical performance of this materi-
al.50,257,258,260,262 Coating with materials such as carbon,284

metal oxides and fluorides (e.g., Al2O3,
301 ZrO2,

302 TiO2,
303

Li2TiO3,
304 CeO2,

305 and AlF3
306), and phosphates such as

AlPO4
307 and LiTi2(PO4)3

285 has been successfully employed
by various groups to improve the electrochemical properties of
NCM333. Conductive additives such as graphene, which can
reduce the charge transfer resistance, were also reported to
improve electrochemical properties for this material.308

Doping with elements such as Sn,260 Zn,309 Al,257 and Nb258

and rare earth elements such as La, Ce, and Pr262 was found to
improve the electrochemical properties of NCM333. Lee and
Park reported atomistic simulations using empirical force
fields, along with a classical core−shell (polarization) model,
targeting the effect of dopants on NCM333. These studies
indicated that doping with ions such as Na+, K+, and Ga3+,
which are isovalent with Li+ and Co3+, is energetically
favorable.97

3.1.2. NCM523. NCM523 was reported in the literature in
1999 by Z. Liu et al.310 and is a promising material as it
maintains a useful balance between capacity (50% Ni), rate
(20% Co) and stability (30% Mn). Yet, capacity fading remains
a problem. In general, NCM523 provides a specific capacity of
217 mAh g−1 in a voltage range of 3.0−4.4 V.79

3.1.2.1. NCM523 Structure. Dixit et al. used GGA-based
computations to show that the metal ions in the layered R3̅m
structure prefer a (√3 × √3) R30° arrangement in the TM-
layer, and this type of ordering is significantly more stable than
linear or random TM ordering.85 On delithiation, the c lattice
parameter initially increases followed by contraction, which is
typical for layered materials. It was found that dispersion
corrections to the PBE functional were necessary in order to
reproduce this c lattice parameter trend.85 Breuer et al.
reported the lattice parameters for NCM523 from a combined
experimental and theoretical approach.78 In their theoretical
study, which used PBE+U+D3, the calculated lattice
parameters are a = 2.870 Å (2.870 Å from experiment) and
c = 14.215 Å (14.230 Å from experiment).
3.1.2.2. NCM523 Electronic Structure. NCM523 is a small

gap insulator as shown, with greater metallic character than
NCM333 due to the increased Ni content.72,190 DFT
calculations using the GGA and GGA+U approximations
suggested that Ni ions are electrochemically more active than
Co and Mn, with d states appearing near the Fermi
energy.85,86,190 Further, Ni ions were shown to exist in
different oxidation states, such as 2+, 3+, and 4+. In
NCM523, the amount of Ni2+ is reduced compared to
NCM333, hence reducing the probability for cation mixing
between Ni and Li.85 From analyses of the DOS and the
electronic structure of NCM523, it is clear that Ni2+ is in a HS
state, whereas Ni3+ is in a LS state. Co3+ and Mn4+ are in LS
and HS states, respectively.85

3.1.2.3. NCM523 Voltage Profile. The charge and discharge
capacities of NCM523 were reported to be 217.6 mAh g−1 and
189.2 mAh g−1 in the voltage range 3.0−4.4 V (30 °C),
respectively, during the first cycle.79 Breuer et al. recently
reported an initial discharge capacity of 160 mAh g−1 for
NCM523 at 4.3 V with a C/3 rate.78 Jung et al. showed that
the initial discharge capacity is 150 mAh g−1 in a 3.0−4.3 V
window, with 95% capacity retention after 50 cycles. However,
the capacity retention decreases to 61% in a voltage range of
3.0−4.8 V, though the initial discharge capacity increases to
200 mAh g−1.77 Noh et al. measured an initial discharge
capacity of 175 mAh g−1 in a 3.0−4.3 V range with 0.1C
current in NCM523.72 Computations reproduce the voltage
profiles well using the PBE functional, although the absolute
values are predicted to be too low (by ∼1 eV), and hence a
rigid shift approach was used.85 It was demonstrated that the
GGA+U method (with the average U values adopted from the
literature for metals with different oxidation states) did not
accurately predict the voltage profile, although the absolute
values are closer to experiment than pure PBE.85 Ni ions were
found to be the main redox active ions in NCM523.85 Wei et
al.117 and Dixit et al.85 showed that Ni2+/Ni3+ is the redox
couple for the pristine system, i.e., in the intercalation range 1
≥ x ≥ 3/4. Further, Ni2+/Ni3+ and Ni3+/Ni4+ are redox active
in the range 3/4 ≥ x ≥ 1/2. All Ni2+ are oxidized beyond the
limit 1/4 ≥ x, where Ni3+/Ni4+ is the main redox pair, together
with Co3+/Co4+, in the high voltage range.85,117

3.1.2.4. Ion Diffusion in NCM523. Dixit et al. studied Li
diffusion in NCM523 along both ODH and TSH pathways
employing the PBE functional in combination with the NEB
method.85 According to this study, the diffusion barriers of the
ODH and TSH pathways are 0.5 and 0.12 eV, respectively.
These authors also noted that the Li diffusion barriers obtained
for NCM523 are lower than for LiCoO2. This difference was
suggested to be due to the weaker Li+−Ni2+ repulsive
interactions in NCM523 relative to Li+−Co3+ interactions in
LiCoO2, as well as the higher c lattice parameter in NCM523
than in LiCoO2. The calculated diffusion rates for the ODH
and TSH pathways in NCM523 were 3.6 × 10−11 cm2 s−1 and
8.6 × 10−5 cm2 s−1, respectively, for fully lithiated states.85 The
NCM523 Li-ion diffusion rates reported from experiments are
1.55 × 10−12 cm2 s−1 311 and 4.64 × 10−11 cm2 s−1.312 Thus, the
experimental value agrees with the one computed for the ODH
pathway, suggesting that the ODH pathway is rate limiting,
although the TSH pathway is also likely populated.85 Wei et al.
reported similar findings for ODH and TSH pathways for Li-
ion diffusion in NCM523 from a combined theoretical and
experimental approach, and the experimental diffusion rate was
found to be around 4 × 10−11 cm2 s−1.117

3.1.2.5. NCM523 Surface Studies. The lattice structure of
the surface of NCM523 changes upon cycling from
rhombohedral to spinel and rock-salt phase.77 This reduces
the capacity retention at higher voltages (∼4.8 V), and hence,
it is important to prevent surface degradation by doping or
coating the surfaces.77 Recently, it has been shown that
capacity retention improves if NCM523 is synthesized in
hollow microsphere structures, as opposed to a coprecipitation
method.313 To the best of our knowledge extensive
calculations of NCM523 surface properties have not yet
been published.

3.1.2.6. Surface Coating and Lattice Doping Studies of
NCM523. Some studies have focused on doping multivalent
metal ions into NCM523 to improve the electrochemical
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performance and specifically to reduce the capacity fading.
Wang et al. showed improved performance upon Zr4+ doping
into NCM523.314 These authors showed capacity retention of
83.78% for the Zr-doped sample, whereas the capacity
retention for the undoped material is 69.35%. A series of
combined experimental and theoretical DFT studies showed
that Al3+ doped NCM523 is stabilized via strong Al−O
covalent bonding, likely due Al(s)−O(p) overlap, but found
little change in the voltage profiles.91 These studies employed
DFT to calculate the oxygen binding energy, crystal orbital
Hamilton populations, and Bader charge analysis. Additionally,
these authors used GGA-based NEB calculations to show that
the Li diffusion barriers are slightly increased in the Al-doped
material. Further, recent work on high-valent Mo6+ doping and
coating of NCM523 showed an improved capacity retention
ratio up to 89.7%, even after 500 cycles.315 Han et al. also
showed that alumina oxide-coated NCM523 have more
homogeneous and closely attached cathode coatings at higher
annealing temperatures. This leads to a better electrochemical
performance, whereas a lower amount of alumina oxide coating
improves the initial capacity and cyclability.316 In this study,
the authors used 27Al MAS NMR spectroscopy, along with
other structural characterization techniques, to understand the
homogeneity and morphology of the coating layer and bulk
cathode. The authors concluded that the alumina coating is
homogeneous, and Al is present only at the surface, but not in
the bulk (i.e., not doped), even upon annealing at high
temperatures. In a follow-up combined NMR and DFT paper,
the same group showed that Al insertion into the bulk material,
which does not happen in NCM523, depends on the TM
composition of the bulk cathode.315 PBE+U calculations were
employed to understand the interface formed and the
distribution of different LiAlO2 phases (e.g., α- and γ-phases)
on the surface. The authors found that several α-LiAlO2 layers
may form a buffer between the surface γ-LiAlO2 layer and the
bulk, in agreement with diamagnetic (surface) peaks and
relaxation times observed from 27Al NMR.
It was further shown by two independent groups that Mg−

Al−B and Mg−Ti cosubstitution in NCM523 resulted in
improved capacity retention compared to the untreated
material and reduced cation mixing.317,318 Na-doped
NCM523 was synthesized by Hua et al., wherein Na replaced
some Li ions.311 This Na doping reduced cation mixing,
possibly by enlarging the Li-layer spacing and hence improving
the structural stability.311 Vanadium substitution in NCM523
is also a promising direction to improve the electrochemical
performance, as well as the stability.301

Breuer et al. studied Mo-doping in NCM523, adopting a
combined experimental and theoretical approach.78 Using
DFT calculations, these authors showed that Mo6+ ions are
preferably incorporated at Ni sites and that the doping
increases the amount of Ni2+ ions at the expense of Ni3+ ions,
due to charge compensation, in accord with X-ray absorption
fine structure (XAFS) spectroscopy measurements.
Wu et al. showed that a composite of NCM523 and carbon

nanotubes (CNT) can reach the theoretically proposed
capacity of 280 mAh g−1, but this was limited to a few cycles
due to Mn dissolution and side reactions involving TMs.319

Further, these authors showed in a follow-up work that the
limitation can be overcome covering the complete cathode
surface with CNT (40 nm thick layer), where the prelithiation
process starts before cycling. They showed from XRD and PBE
+U studies that, near the surface of NCM523, two Li layers

exist between TM layers, and this prevents Mn dissolution and
TM side reactions at the interface during cycling.320

Further, Mo et al. recently showed that Nd-doped NCM523
stabilizes the structure during Li extraction and improves
cycling stability.321 In pristine NCM523, the material trans-
forms from hexagonal H1 to H2 to H3 phases. H3 phases in
the high voltage region create microcracks in the particle,
forming material stress. The bulky Nd-ion substitution
suppresses the H2 to H3 phase transition, thereby stabilizing
the structure.

3.1.3. NCM622. Li[Ni0.6Co0.2Mn0.2]O2 (NCM622) was
reported in the literature in 1999 by Liu et al.310 This cathode
material has been shown to give an initial discharge capacity of
187 mAh g−1, which is higher than NCM materials with lower
Ni content, such as NCM333 (163 mAh g−1) and NCM523
(175 mAh g−1) (Table 1).50,72,322,323

3.1.3.1. NCM622 Structure. NCM622 has an α-NaFeO2
structure (space group: R3̅m).222,323 The experimentally
determined a and c lattice parameters for this material are
2.8683 and 14.2241 Å, respectively.222 GGA computations
showed that the PBE functional can reproduce the lattice
parameters quite well in the fully lithiated limit, with values of
2.89 and 14.25 Å, respectively.87 However, the GGA computed
lattice parameters were found to deviate from the expected
experimental values in the fully delithiated limit.87 This can be
ascribed to the failure of the PBE functional to account for
dispersion interactions, which are crucial in the fully delithiated
limit.87 Sun and Zhao analyzed the lattice parameters of
various NCM materials as a function of Ni content using the
PBE+U level of theory.190 This study found that the lattice
parameters for the pristine materials increase initially, reach a
maximum for 40% Ni (NCM442), and then decrease with
further increase in Ni content. This study suggested lower a
and c parameters for NCM622 compared to NCM523.
Interestingly, based on X-ray diffraction and cycling studies,
the changes in lattice constants after 100 cycles for various
NCM materials were found to increase as a function of Ni
content.72 This indicates a larger volume change during cycling
for this material compared to NCM materials with lower Ni
content. The cell volume change is believed to be due to the
phase transition, which is associated with oxygen release,
especially at high voltage.72,76

3.1.3.2. NCM622 Electronic Structure. Though Ni2+ ions
are predominant in NCM materials with low Ni content (e.g.,
NCM333), the increased percentage of Ni in NCM622 results
in an increase of the number of Ni3+ ions at the expense of Ni2+

ions.190 DOS analysis indicates that the band gap of this
material is smaller, and the Fermi level is shifted to higher
energy levels compared to NCM333 and NCM523, due to the
increased Ni content in NCM622.190 First-principles compu-
tations with the PBE approach showed that the valence band
maximum of NCM622 consists of eg states of Ni (Ni

2+ and
Ni3+) and t2g states of Co (Co3+), whereas the major
component of the conduction band minimum are Ni3+ eg
levels.87

3.1.3.3. NCM622 Voltage Profile. The initial discharge
capacity of NCM622 was found to be 187 mAh g−1 in the
voltage range 3.0 to 4.3 V which is higher than those of
NCM333 and NCM523.72,324 There is also a report that the
initial discharge capacity is 178 mAh g−1 in the same voltage
window.80

Jung et al. showed a capacity retention of 95% between the
5th and 300th cycles, with an initial discharge capacity of ∼156
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mAh g−1.76 The cycling stability and upper cutoff voltage prior
to capacity fading was found to be the same as that of
NCM333, although it was found to suffer from capacity fading
after 4.4 V.76 This capacity fading observed above 4.4 V was
ascribed to surface degradation caused by reaction of surface
Ni4+ ions with the electrolyte.76 Here, the penetration of
electrolytes to the surface occurs through microcracks, which
are formed as a result of anisotropic volume changes due to
phase transitions occurring on prolonged cycling at high
voltage, as indicated by X-ray diffraction (XRD), transmission
electron microscopy (TEM), and scanning electron micros-
copy (SEM) experiments.222,323 We note that, when cycled up
to 4.3 V only, no phase transitions are observed.72 Electro-
chemical studies indicate that the redox couples between 2.5 to
4.6 V are Ni2+/Ni3+ and Ni3+/Ni4+.325−328 Schipper et al.
compared the voltage profile (as a function of Li concen-
tration) obtained from computations with experiments.87 In
this study, PBE and dispersion corrected PBE (optPBE-vdW)
were found to successfully reproduce the experimental voltage
trends, whereas the PBE+U functional could not predict it
correctly. The failure of PBE+U in reproducing the
experimental voltage trend was ascribed to the use of the
same U parameter for different Li-intercalation limits, as the
same U parameter is not necessarily suitable for a TM ion in
different oxidation states.87

3.1.3.4. Ion Diffusion in NCM622. Schipper et al. studied
the migration of Ni ions in an attempt to understand the
layered to spinel transformation.87 Based on simulations
employing the NEB method in conjunction with the PBE
functional the authors suggested the following mechanism:
Initially, Ni2+ from one TM layer rapidly migrates from an
octahedral (Oh) site to a corresponding tetrahedral (Td) site,
followed by an Oh to Td migration of a second Ni2+ from an
adjacent layer (see Figure 18). This Ni can further migrate to a

corresponding T′d site (Td−T′d), with a barrier of ∼0.7 eV. To
avoid layered-to-spinel transformations, the authors suggested
doping the NCM lattice with a high-charge state cation, such
as Zr4+.

3.1.3.5. NCM622 Surface Studies. TEM experiments
indicated a transformation from a layered to rock-salt structure
at the surface layer on prolonged cycling, especially at voltages
above 4.3 V.222,323 Schipper et al. suggested based on PBE
computations in conjunction with NEB that the experimentally
observed layered to spinel phase transition involves migration
of Ni from an Oh site in the TM layer to an Oh site in the Li
layer along a tetrahedral site.87 According to this study, a TDH
pathway involving a trivacancy was found to be the most
preferred path for Ni migration.

3.1.3.6. Surface Coating and Lattice Doping Studies of
NCM622. Though NCM622 has advantages in terms of
enhanced capacity and lower cost, poor cycling performance
and thermal stability of this material are issues of concern.329

Doping with elements such as Zr87,259 and coating with
Li3NbO4,

330 Li2ZrO3,
331 Al2O3,

315 and Li2SiO3
332 were found

to improve the electrochemical performance of this material.
Liu et al. carried out a comparative study on the effect of
doping and coating on NCM622 by analyzing the electro-
chemical performance of this material with and without doping
and coating.259 This study showed that lattice doping is a more
effective strategy to improve cycling stability than coating at
slightly elevated temperatures (55 °C). Modification of the
surface330,333,334 and the electrode−electrolyte interface324 and
addition of electrolyte additives335 were also found to improve
the electrochemical performance of NCM622. Schipper et al.
performed a combined experimental and computational study
on Zr-doped NCM622.87 Energy dispersive analysis spectros-
copy (EDAS) studies and PBE computations performed in this
study showed a preference for Zr doping at Ni sites. Dispersion

Figure 18. Energy profiles for Ni migration obtained using PBE. Oh to Td Ni migration barrier in undoped NCM622 with Li (a) divacancy near a
Ni Td site and (b) trivacancy near the Ni Td site. (c) Oh−Td−T′d Ni migration barrier in undoped NCM622 with Li trivacancy with one Ni at the
T″d site (above the migrating ion layer). (d) Suggested mechanism for Ni2+ migration leading to a partial spinel nucleus. Color codes for spheres:
red, O atoms; gray, Ni atoms; violet, Mn atoms; blue, Co atoms; and green, Ni atoms. (Reprinted with permission from ref 87. Copyright 2016,
published by the Royal Society of Chemistry.)
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corrected PBE based computations performed in this study
showed that Zr-doped materials undergo less change in the c
lattice parameter compared to the undoped material during Li
intercalation/deintercalation. A reduction of the band gap, an
increase in the number of Ni2+ ions, and a decrease in the
number of Ni3+ ions were observed by the authors as a result of
Zr doping. They demonstrated that both experiments and PBE
and dispersion corrected PBE (optPBE-vdW) computations
give similar voltage profiles for the material. It was suggested
that the higher discharge capacity of the Zr-doped material
relative to the undoped material can be ascribed to an increase
in Ni2+/Ni3+ ions. The improved structural stability of the Zr-
doped NCM622 observed in experiments was found to be due
to inhibition of layered to spinel transitions, which presumably
involve migration of TM ions from the TM layer to the Li
layer.87 PBE based computations in combination with the NEB
approach indicated that repulsive interaction of the migrating
Ni2+ with the Zr4+ ions near the tetrahedral sites make the
TDH pathway less feasible, and therefore the migration is
forced to take place via the high energy ODH pathway (see
Section 3.1.3.4 and Figure 18).87 This dopant-induced barrier
increase possibly reduces the probability of Ni-migration
between TM and Li layers and hence inhibits the layered to
spinel phase transition. It has also been shown that substituting
Mn4+ with Nb5+ and Mo6+ in NCMs increases the
concentration of Ni2+.85,86

The SEI may be negatively affected by detrimental side
reactions but can be protected via surface coating of the active
mass. Han et al.316 showed improved electrochemical perform-
ance for aluminum oxide-coated NCM622, along with other
NCMs. 6Li NMR and high-resolution X-ray diffraction and
SEM studies by Han et al. suggested that Co segregation assists
diffusion of Al from the Al2O3 coating to the bulk on high
temperature annealing in alumina oxide coated NCM622. The
facilitation of Al diffusion to the bulk by Co segregation can be
ascribed to the reduction of Mn content at the Co-segregated
surface.316 This was supported by PBE+U studies, which
indicated that configurations with Al ions surrounded by Ni
and Co are more favorable compared to Al configurations
containing a Mn-rich local environment.316

3.1.4. NCM811. NCM811 was reported in the literature in
2012 by Kim et al.336 This Ni-rich material can provide high
reversible capacities of up to 200 mAh g−1 at 4.6 V.56,337 Noh
et al. reported an initial discharge capacity of 203 mAh g−1 in
the 3.0−4.3 V range, with 0.1C current.72 Neudeck et al.
showed capacity retention of 80% for up to 600 cycles without
coating for this material.82Although the high Ni content
produces good capacity, capacity fading is a serious concern,
and much work on this and related Ni-rich materials focuses
on stabilizing the cathodes.
3.1.4.1. NCM811 Structure. NCM811 has a R3̅m layered

oxide structure, like other NCMs.338 In operando XRD found
that the c lattice parameter initially increases on delithiation up
to x ∼ 0.5, followed by a decrease, whereas the a lattice
parameter showed a monotonous decrease.337 The lattice
parameters a and c and volume for the pristine material were
determined by XRD to be 2.8661 Å, 14.249 Å, and 101.38 Å3,
respectively, and may be compared to 2.91 Å, 13.63 Å, and
99.96 Å3, respectively, from dispersion-corrected PBE calcu-
lations.337 Clearly, PBE overestimates the a lattice parameter
and underestimates the c lattice parameter and volume,
although the correct trend on (de)lithiation was observed
when compared with in operando XRD.337 Similar lattice

parameter trends were observed employing the PW91 XC
functional, although using this functional the a lattice
parameter was underestimated, while the c lattice parameter
was overestimated.338

In operando synchrotron XRD and ex situ solid-state NMR
studies by Grey and co-workers identified that, at a high state
of charge, an increase in both Li mobility and interlayer
spacing are responsible for the structural changes in NCM811,
rather than an O3 to O1 phase transition.339

3.1.4.2. NCM811 Electronic Structure. DOS analysis of
pristine NCM811 by Dixit et al.86 indicates that Co is found to
be in a 3+ LS state and Mn is in a 4+ HS state, whereas Ni was
found to exist in a mixture of 2+ (HS), 3+ (LS), and 4+ (LS)
oxidation states. According to this study, Ni in its 3+ oxidation
state is most abundant in NCM811. The electronic valence
states near the Fermi level are dominated by Ni2+ ion eg and t2g
orbitals, whereas eg of Ni3+ and Ni4+ are located at the
conduction band edge.86 Hence, Ni 3d states are located near
the Fermi level, indicating the prominent role played by Ni
ions in electrochemistry. Based on COHP bonding analysis
and Bader charges, Dixit et al. suggested that the covalency of
the Ni−O bond increases with increase in the oxidation states
of Ni.86 A comparative study of several Ni-rich NCMs
performed by these authors demonstrated that, as the
concentration of Ni increases in the NCM material, the
concentration of Ni ions with high valence state increases (i.e.,
Ni3+, Ni4+). Ni4+, which has low-lying LUMO states, is easily
reduced, and as a result oxygen binding energy decreases. We
note that using the PW91+U approach did not predict
significant Ni states near the Fermi level.338

3.1.4.3. NCM811 Voltage Profile. Due to the high Ni
content, NCM811 provides good capacity.340 Jung et al.
measured a capacity retention of 66% from the 5th to 300th
cycles with an initial discharge capacity of 172.5 mAh g−1 in a
voltage range of 4.0 V.76 Kim et al. found a discharge capacity
of 197−202 mAh g−1 in a voltage range of 3.0−4.2 V with 0.1C
rate.81 The PW91+U computed voltage profile for this Ni-rich
NCM material is in the range 3.5−4.2 V, in agreement with
experiment.338

3.1.4.4. Ion Diffusion in NCM811. Noh et al. showed that Li
diffusivity increases with increasing content of Ni in NCM
systems, and the diffusivity of NCM811 is 10−8 cm2 s−1, which
is 3 orders of magnitude greater than in NCM333.72 As
mentioned before, Li ions follow an ODH pathway in the early
stages of delithiation, while following a TSH pathway after
delithiation of one-third of the Li ions in most NCM materials.
This is the case for NCM811 as well, as reported by Wei et
al.117 These authors calculated a diffusion constant of nearly
10−8 cm2 s−1 from AIMD simulations for NCM811, which is
higher than that for NCMs with less Ni content.

3.1.4.5. NCM811 Surface Studies. Liang et al. reported a
computational study addressing surface segregation in
NCM811 using PBE+U.224 These authors showed that Ni
ions segregate at nonpolar surfaces (see Figure 19), such as
(100), (104), and (110), where the (104) surface plane is
energetically the most stable one. Further, these authors
suggested, based on the calculated surface formation energies
in the absence and the presence of Li and Ni exchange, that the
surface lattice structure transforms into different phases, like
rock-salt. This segregation of Ni ions and the subsequent rock-
salt formation phenomenon were suggested to cause
deterioration in the electrochemical performance by blocking
Li-ion diffusion paths.224
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Xiong et al. reported experiments suggesting that Li ions at
the surface reduce the performance of NCM811, although this
can be prevented by adding (NH4)2HPO4, which reduces side
reactions and results in good capacity retention (66.9%) after
100 cycles at 2C, compared to the pristine material
(48.1%).341,342 Li et al. synthesized Ni-rich core and Mn-rich
shell NCM811 materials and showed that the capacity
retention for the core−shell is 65.1%, whereas it is 49.2%
after 105 cycles.343

3.1.4.6. Surface Coating and Lattice Doping Studies of
NCM811. The major drawback of the Ni-rich family of NCM
materials, such as NCM811, is the lack of stability of the
materials upon cycling, but surface coating can improve
stability. Recently, Neudeck et al. showed capacity retention of
80% up to 600 cycles and 1200 cycles for uncoated and
alumina coated NCM811, respectively.82 Schipper et al. also
showed that the surface coating and lattice doping of NCM811
with ZrO2 and Zr, respectively, improve the cycling stability
and lower the impedance of the systems.92 These authors used
DFT calculations to show that doped Zr ions preferably
occupy Ni sites. Additionally, using the coincident site lattice
method,344 they found that the interface of the (110) plane of
NCM811 and (001) plane of ZrO2 in the coated material has
less strain compared to other possible interfaces, and this
interface does not block Li-diffusion channels.92 Further, Han
et al. found that aluminum oxide coated NCM811 performs
well. The authors observed that some Al transports to the
cathode bulk, in the form of dopant atoms, at high annealing
temperatures, and this is thought to improve the electro-
chemical cyclability.316 Han et al. used 27Al NMR, the PBE+U
method, and other structural characterization techniques to
shown that the electrochemical performance improves for
alumina oxide coated NCM523, NCM622 (as discussed in
Sections 3.1.2 and 3.1.3), and NCM811.316 These authors
showed that reducing the amount of Mn in the NCM
facilitates diffusion of Al from the surface to the bulk, and
hence coating transforms to doping. PBE+U calculations
suggested that Mn−Al repulsion is responsible for the inability
of Al to penetrate into the bulk in Mn-rich materials, and
hence reducing the amount of Mn is desirable if one is
interested in Al lattice doping via annealing of the coated
NCM material.
Experimentally, Zhang et al. reported that 0.5% doping of Rb

into NCM811 improves the electrochemical performance of

the material by increasing the discharge capacity by 13.52%.345

In this Rb-doped NCM811, Rb replaces Li ions, thereby
reducing the cation mixing. This study also showed that Rb
doping results in an increase in the c lattice parameter, which
improves the electrochemical performance of the material by
accelerating Li-ion transportation. There are also reports on
improved electrochemical performance for Cr-doped
NCM811.346

3.1.5. NCM with >80% Ni. NCM cathode materials with Ni
contents of 85%, 90%, and 95% have also been reported and
characterized experimentally.72,93,312,315 These systems are
prepared as layered R3̅m structures and can provide charge
capacities up to 245 mAh g−1 during the first cycle. However,
significant capacity fading is observed due to transformation to
spinel or rock-salt phases, with concomitant oxygen release
upon cycling.72 In the case of NCM with 85% Ni, the
discharge capacities are 206 mAh g−1 at room temperature and
213.8 mAh g−1 at 55 °C in the voltage range 2.7−4.3 V.347

This study shows that the Co-to-Mn ratio can affect optimal
stability and capacity, and a ratio of Co:Mn = 0.05:0.10
provided the best result. Further, spherical core−shell NCM
particles with 95% Ni improved capacity retention up to 90%
after 100 cycles compared to 74.2% LiNiO2, and this is due to
the highly reactive surface in core−shell particles.315
Li et al. showed that Co-free Ni-rich layered oxides such as

LixNi0.95M0.05O2 (M = Al, Mn, or Mg) are able to suppress
multiple phase transitions that occur in Co-containing
LiNi0.95Co0.05O2.

348

Kim et al. showed that low-level tungsten (W) doping in
LNO and NCM with more than 80% Ni can provide high
specific capacity (247 mAh g−1 at 4.3 V).93 These authors used
surface slab calculations to show that W-doped rock-salt
surfaces are energetically more favorable than undoped rock-
salt surfaces in LNO, whereas W-doped layered surfaces are
less stable than the undoped surface. These results were used
to rationalize the experimentally observed segregation of the
rock-salt phase at the surface in W-doped LNO. In this
particular study, W was doped at Li sites in the in silico studies.
Further, Park et al. recently showed a discharge capacity of

237 mAh g−1 at 4.3 V for 1 mol % B doped NCM9055 with
91% capacity retention after 100 cycles.349

3.1.6. Additional NCMs. Additional NCMs have been
studied, such as NCM424 and NCM71515. We briefly discuss
these NCMs below.

3.1.6.1. NCM424. Layered NCM424 was synthesized with
R3̅m structure having lattice parameters a = 2.866 Å and c =
14.254 Å and 4.4% Li/Ni mixing, as determined from XRD
measurements.350 These authors reported a discharge capacity
of 180 mAh g−1 within a 2.5−4.4 V window. Magnetic
measurement revealed that the presence of Ni ions in the Li
layers decreases with increasing amounts of Co, hence
stabilizing the structure upon cycling.
Theoretical studies using PBE+U with dispersion correc-

tions compared the cycling behavior of NCM424 relative to
other NCMs.86 In this study, Dixit et al. found that the c
parameter of NCM424 is greater than Ni-rich NCMs, like
NCM811, and on delithiation the c parameter initially
increases and then decreases toward the delithiation limit.
The lattice parameter a decreases from 2.90 to 2.84 Å from the
fully lithiated to the delithiated state. Further, the Ni ions were
found to be in a 2+ oxidation state, and the band gap is higher
than for other Ni-rich materials, like NCM811. NCM424 also
has greater oxygen binding energy than NCM811, as it has

Figure 19. Energy difference between Mn−Co−Ni- and Ni-
terminated surfaces. The inset shows a structural model of the
NCM811 (104) surface. (Reprinted with permission from ref 224.
Copyright 2018, The American Chemical Society.)
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more electronegative oxygens, as revealed from Bader charge
analyses.86

In another theoretical study, Sun et al. used PBE+U to
obtain an electronic structure for NCM424 that is similar to
that found by Dixit et al., with almost all Ni ions in a 2+ state
and a bigger band gap than Ni-rich materials.190 Sun et al. also
showed that the relative mechanical and thermal stability
follows the expected trend NCM333 > NCM424 > NCM811.
Wei et al. discussed the kinetics of Li diffusion in NCM424
based on calculations using the climbing image NEB method
in comparison with other NCMs discussed above.117 They
showed that NCM424 also follows an ODH pathway during
initial delithiation and a TSH pathway after one-third Li
removal, like other NCMs. The calculated diffusion coefficient
(∼10−8 cm2/s) is lower compared to those of other Ni-rich
NCMs.
3.1.6.2. NCM71515. Noh et al. reported structural and

e l ec t rochemica l p roper t i e s o f NCM71515 (L i -
Ni0.7Co0.15Mn0.15O2).

72 This NCM also possesses an R3̅m
structure, with an initial discharge capacity of 194 mAh g−1

between 3.0 and 4.3 V (see Figure 3). These authors showed
the reduced stability of this Ni-rich NCM compared to
NCM333, NCM523, and NCM622.72

Similar to other NCMs, Li-ion diffusion follows ODH and
TSH pathways for initial and late-stage Li-ion extraction, as
reported by Wei et al.117 Wei et al. showed that the diffusion
coefficient of NCM71515 is ca. 10−8 cm2 s−1, which is higher
than those of NCM333 and NCM523. The experimental
conductivity reported by Noh et al. is 9.3 × 10−6 S cm−1.72 The
calculated ratio of Ni3+/Ni4+ ions at different states of charge
(SOC) are as follows: at SOC = 0.33, the ratio is 0.52/0.18,
and at SOC = 0.5, the ratio is 0.35/0.35.117

3.2. NCA Materials. NCA is a family of promising cathode
materials that has been commercialized by Panasonic for Tesla
electric vehicles. NCA materials are found to have higher
capacity (∼200 mAh g−1) and specific energy (680−760 Wh/
kg) than corresponding NCMs, as well as lower cost. The
presence of Al improves thermal stability of NCAs by

preventing phase transitions, which are believed to be
responsible for the instability of layered materials at high
temperatures. The prevention of phase transitions in NCAs is
due to Al3+ ions occupying stable tetrahedral sites, which
inhibit cation migrations.88 Guilmard et al.90 proposed a
migration path for the Al3+ ions that prevents phase transition
in NCA, as shown in Figure 20. In NCA materials, Ni ions are
in a 3+ oxidation state, which are Jahn−Teller (JT) active, and
this JT behavior strains the Ni octahedra. However, the
presence of Al reduces this strain due to preferential ordering
of long JT Ni3+−O bonds near the Al3+ ion, instead of a
preference for Al3+ to be coordinated by Ni3+, and as a result
improves the ordering of atoms in the TM layers.169 The local
JT ordering increases the number of long JT Ni3+−O bonds
directed toward Al, thereby accommodating the strain of the
dynamic JT distortion. The presence of Al in NCA has also
been observed to reduce the variation of the c lattice parameter
on cycling compared to Al-free analogous materials.351 It is
also important to note that the presence of Al in NCA also
reduces oxygen release by reducing the probability of an
exothermic reaction with the cathode and electrolyte.351,352

3.2.1. NCA333. Li[Ni0.33Co0.33 Al0.33]O2 (NCA333) was
reported by Lin et al. in 2005.353

3.2.1.1. NCA333 Structure. NCA333 has a R3̅m layered
oxide structure like NCMs.288 The optimized a and c lattice
parameters of NCA333 computed using the HSE06 func-
tional288 were found to be 2.843 and 14.23 Å, respectively,354

in good agreement with the experimental a and c lattice
parameters reported by Swider-Lyons et al. (2.83 and 14.15 Å,
respectively).353,354 A comparison of a and c lattice parameters
obtained from HSE06 computations for NCM333 and
NCA333 indicates a slight reduction in the values of these
lattice parameters, which in turn results in a contraction of the
volume of NCA333 compared to NCM333. This contraction
along the c-axis may be ascribed to the radius of Al3+ (0.51 Å),
which is smaller than that of Mn4+ (0.53 Å). Additionally, the
radius of Ni3+ (0.60 Å), which is present in NCA333, is smaller
than that of Ni2+ (0.69 Å), which predominates in

Figure 20. Theoretical path for the nickel or aluminum ions during the lamellar to spinel transition. In the case of aluminum migration, the
intermediate structures with aluminum in tetrahedral sites are stabilized, thereby pushing the formation of the pseudospinel-type phase to higher
temperatures. (Reprinted with permission from ref 90. Copyright 2003, The American Chemical Society.)
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NCM333.288,353,354 In NCA333, the JT active Ni3+ sits in an
octahedral site with two Ni−O bonds with lengths of 2.06 Å
and four Ni−O bonds with lengths of 1.89 Å.288 There is no
long-range order between Ni−Co−Al TMs in NCA333,
whereas NCM333 (note that Ni ions are in 2+ state) has
long-range order for Ni−Co−Mn in the TM layers, as shown
from the calculation of energies for site exchange between
different TMs site.288

3.2.1.2. NCA333 Electronic Structure. DOS and PDOS
computed by Hoang and Johannes employing the HSE06
functional indicates that Ni and Co atoms of NCA333 are in
their low spin 3+ oxidation state.288 Ni 3d states were found to
contribute significantly to the valence band (28% contribution)
and conduction band (60% contribution), similar to
LiNiO2.

288 The computed band gaps for this material (2.22
eV) were found to be lower than those of NCM333 (2.88 V)
using HSE06.288

3.2.1.3. NCA333 Voltage Profile. Love et al. reported a
specific capacity for NCA333 of 115 mAh g−1 within the
voltage range 2.5−4.5 V.354 Further, Hoang and Johannes
reported the computed voltage range for NCA333 to be
between 3.8 and 5.8 V using HSE06, which is significantly
higher than for NCM333 using the same method.288

3.2.1.4. Ion Diffusion in NCA333. Hoang and Johannes also
studied lithium migration in NCA333 using the HSE06
functional in combination with the NEB approach.288 Analysis
of lithium diffusion along various possible paths via mono- and
divacancy mechanisms indicated migration barriers of 0.64−
0.95 eV and 0.35−0.40 eV for mono- and divacancy
mechanisms, respectively. The mono- and divacancy mecha-
nisms are expected to be favored in the fully lithiated and
partially delithiated limits, respectively.288 The Li migration
barrier computed for NCA333 was found to be higher than
that obtained for NCM333, and this was ascribed to the
shrinking of the lattice parameter c of NCA333 due to the
presence of Al ions, as well as Ni3+ ions, with smaller ionic radii
compared to the TM ions in NCM333.288

3.2.1.5. Surface Coating and Lattice Doping Studies of
NCA333. Electrochemical properties of NCA333 were found
to improve on surface coating with materials such as metal
oxides, metal phosphates, metal fluorides, metal oxyfluorides,
and metal hydroxides.50,355−357 To the best of our knowledge,
no computational work has addressed coating or doping in
NCA333.
3.2.2. NCA8155. LiNi0.8Co0.15Al0.05O2 (NCA8155) was

reported by Cao et al. in 2004.358 Considering that Al3+ is
electrochemically inactive, it is advantageous to reduce the
amount of this metal to a minimum. In NCA8155, a small
amount of Al improves the capacity retention, yet the capacity
remains high due to the increased amount of Ni ions. Indeed,
this Ni-rich NCA material delivers a high discharge capacity of
about 200 mAh g−1, and the specific energy of this material was
found to be in the range of 680−760 Wh/kh.359

3.2.2.1. NCA8155 Structure. X-ray and neutron diffraction
studies by Trease et al. showed that NCM8155 has a R3̅m
layered oxide structure, with a and c lattice parameters 2.864
and 14.180 Å, respectively.169 Identical values for a and c
lattice parameters (a = 2.864 Å and c = 14.180 Å) were also
observed in the experimental studies of Kondu et al.360 Trease
et al. further showed from theoretical calculations and
experimental 27Al and 7Li NMR, atom probe tomography,
XRD, and neutron measurements that Al ions are uniformly
distributed in NCA8155.169 The theoretical approach

combined the cluster expansion method and DFT using the
B3LYP hybrid functional. These authors also used DFT to
show that a single, layered phase exists for NCA with Al doping
up to 80% in agreement with experiment, whereas above this
Al concentration phase separation occurs. They observed that
Ni3+ is JT active in this NCA and the Al3+ site is coordinated
by Ni3+ ions where there are three different interaction
pathways; one is Al−O−Ni 90° interactions along the short JT
axis, and the remaining two are Al−O−Ni pathways along the
short and long JT axis; these findings are consistent with NMR.
Further, Leifer et al. showed changes of the structure during
charging and discharging in this NCA material from 27Al and
7Li NMR measurement where the Al nuclei served as static
reporters, while the Li nuclei are dynamic reporters.351 Both
nuclei show an increase in the oxidation state of Ni ions during
cycling. They reported that Al ions are surrounded by at least
two different Ni ions from 27Al NMR. These two different
configurations were attributed to the segregation of Co ions
and the presence of Ni2+ ions. Calculations were not
performed in this study.
Eremin et al. predicted multiple configurations for LiNiO2

and NCA8155 for a wide range of delithiated cases, using a
topological approach and DFT modeling.361 Using these
techniques the authors were able to predict structural changes
in NCA during cycling and identify inhomogeneity of the
charge in cationic and anionic sublattices due to the presence
of Al. They also showed from a machine learning method that
most unfavorable configurations are those that have nonuni-
form Li distribution, and that the polyhedra of Li shares a
maximum number of vertices of Al polyhedra for all favorable
configurations.
Flores et al. explored the local structure evolution of

NCA8155 using operando Raman spectroscopy and DFT
(PBE+U).362 They found that the vibrational motion of lattice
oxygen solely depends on the TM−O bond strength and limit
of lithiation.

3.2.2.2. NCA8155 Electronic Structure. Trease et al.
performed first-principles calculations for this NCA material
using several methods, such as dispersion corrected PBE+U
and cluster expansion.169 Eremin et al. also reported a first-
principles PBE study of this cathode compound using DFT361

and concluded that, in the pristine material, Ni, Co, and Al are
all in a 3+ oxidation state.

3.2.2.3. NCA8155 Voltage Profile. The specific capacity of
this material was found to be 200 mAh g−1 in the voltage
window 3.0−4.2 V.50,363 Song et al. reported the initial
discharge capacity of 183.1 in the range of 3.0−4.3 V with a
0.2C rate and a capacity retention of 89.31% after 110 cycles.83

We note that Co reduction does not have a major impact on its
intercalation potential and specific capacity as indicated by
DFT studies using PBE+U and opt-PBE functionals by Ghatak
et al.364

3.2.2.4. Ion Diffusion in NCA8155. The transport properties
of Li ions in this NCA material based on measurements of ion
and electron blocking configurations were reported by Amin et
al.365 The lithium ion diffusion barrier was determined to be
1.25 eV based on temperature dependent kinetic studies.
These authors showed that electronic conductivity increases
from a fully lithiated to a partially lithiated state, and it
increases sharply after some limit (beyond 60%) due to the
presence of multivalent Co ions. Further, these authors
measured the diffusivity of Li ions and observed that diffusivity
adopts a V-shaped curve as a function of the Li contents (i.e.,

Chemistry of Materials pubs.acs.org/cm Review

https://dx.doi.org/10.1021/acs.chemmater.9b04066
Chem. Mater. 2020, 32, 915−952

939

pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.9b04066?ref=pdf


first decreases to a minimum at x = 0.5 and subsequently
increases). To the best of our knowledge, diffusion in this
material has not been studied theoretically.
3.2.2.5. NCA8155 Surface Studies. Zhang et al. reported the

cycling behavior of AlF3-coated NCA8155 and found the
material to be quite stable, showing good capacity retention
(96.3% of its initial capacity after 30 cycles).366 Karki et al.
observed oxygen loss at the NCA8155 surface, and a phase
transformation occurs for overcharged NCA8155. This is a
serious safety issue, but the authors showed that if these
NCA8155 particles are embedded in an oxygen-rich environ-
ment, this problem can be reduced.367 Using STEM, Zhang et
al. showed two types of rock-salt induced surface reconstruc-
tion in layered NCA81505, (002) and (111) type rock-salt
surfaces. In the (002) type rock-salt structure, TMs migrate to
Li sites and form a flatter surface compared to that of (111)
which forms a hill and valley-like rock-salt structure.368

Further, the same group recently described the phase transition
at the surface of NCA81505 due to loss of oxygen.250 They
showed initial formation of amorphized rock-salt, followed by
crystalline rock-salt formation at the subsurface during the
process of oxygen loss, as we discussed in Section 2.3.6.
3.2.2.6. Surface Coating and Lattice Doping Studies of

NCA8155. Kondo et al. reported the effect of doping Mg in
LiNi0.8Co0.15Al0.05O2 and found improved battery perform-
ance.360 Mg doping into NCA8155 reduces the amount of Ni2+

ion in the Li layer that appears upon cycling of the material.
Zhang et al. studied the effect of AlF3 coating on NCA8155
and found that the AlF3 and AlPO4 coated material has
improved cycling stability and good capacity retention.366 An
experimental study by Srur-Lavi et al. showed that LiAlO2

coated NCA8155 shows three times less capacity fading
compared to the bare NCA8155 because coating lowers the
side reaction of the electrodes with the electrolyte.363 These
authors also showed that there is no structural change from
R3̅m for bare or coated NCA8155 after some cycling. To the
best of our knowledge, surface coating or lattice doping in this
material has not been studied theoretically.
3.2.3. NCA with >80% Ni. A NCA cathode material,

Li[Ni0.865Co0.120Al0.015]O2, with a Ni-rich concentration
gradient, where the core is Ni-rich, has been reported. The
effect of this Ni concentration gradient is to enhance the
thermal stability and capacity retention, since the surface is Co-
rich.369,370 Calculations were not performed in this study.
A comparison on the performance of NCA and NCM with

more than 80% Ni is shown in Figure 21, as reported by
Myung et al.50 These authors showed that Ni-rich NCM and
NCA can both provide good capacity, but there are issues of
thermal stability and cyclability.
Park et al. recently proposed a rationale for the degradation

in electrochemical performance in different Ni-rich NCAs with
increasing Ni content.371 They reported discharge capacities of
202.5 mAh g−1 for NCA80, 219.8 mAh g−1 for NCA88, and
236.8 mAh g−1 for NCA95 and corresponding capacity
retentions of 95.7%, 88.7%, and 85.5%, respectively, after
100 cycles. They showed that capacity fading in these materials
is related to the formation of microcracks within the cathode
particle, and this is attributed to the presence of unstable Ni4+

on the crack faces, which may react with electrolyte species.
Further, the electrolyte permeates the cracks and causes
structural damage.

4. SUMMARY AND CONCLUDING REMARKS
First-principles and empirical computational methods have
become an invaluable tool in the study of Li-ion batteries. In
this review, we provided an overview of theoretical work
performed on layered cathode materials, using a range of
theoretical methods. Such methods can provide significant
microscopic details of layered cathode properties, such as ionic
positions, crystal cell parameters, stability, electronic structure,
preferred doping sites, chemical activities of the elements,
intercalation potentials, possible diffusion path of Li ions,
surface segregation, reaction between the surface of the
electrodes and the electrolyte, oxygen release, and NMR
spectra. In this review we focused particularly on work
targeting LiNi1−x−yCoxMnyO2 and LiNi1−x−yCoxAlyO2 cathode
materials. A number of general conclusions may be drawn
based on the myriad of theoretical work performed in this area,
and we summarize some of these here:
(1) Next-generation DFT approaches, like the SCAN meta-

GGA functional, are well suited to treat problems in
computational electrochemistry, like NCM and NCA materi-
als. (2) Classical simulation methods, in conjunction with
DFT, can be very useful in identifying the correct cation
distribution in NCM and NCA materials. (3) The c lattice
parameter of layered NCM and NCA materials is important for
its stability and Li-ion diffusivity. The c parameter displays a
complex behavior on Li deintercalation, first increasing up to a
certain delithiation limit and then decreasing toward the fully
delithiated limit. Dispersion interactions play a key role in this
behavior, as revealed by dispersion corrected DFT calculations.
(4) The population of different oxidation states of the TMs
varies greatly for different NCM and NCA materials, and
theory can be useful in predicting such populations. Most DFT
studies identify electronic d states of Ni ions near the Fermi
level for pristine NCM and NCA materials, suggesting that Ni
plays a key role in electrochemistry. (5) DFT studies find that
the band gap in NCM and NCA materials is reduced with
increasing Ni content. (6) DFT studies suggest that high-
valence doping can suppress highly oxidizing ions, like Ni4+,
and hence have a positive effect on capacity retention. (7)
Oxygen binding is found to be lower in Ni-rich layered
materials, though these materials provide a good capacity, and
hence oxygen release is predicted to be more rapid with

Figure 21. Radar chart comparing the performances of NCA (Ni
80%), blue line, and NCM (Ni 80%), red line. (Reprinted with
permission from ref 50. Copyright 2017, The American Chemical
Society.)
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increasing Ni content. (8) Dopants have been found to affect
oxygen binding energies as computed using DFT and hence
influence oxygen release. Dopants have also been found to
influence the relative stability of material phases observed
during cycling, such as layered, spinel, and rock-salt. (9) In
most of the NCM and NCA materials, diffusing Li-ions follows
an ODH pathway during early delithiation, while at later stages
of deintercalation Li ions follow a TSH pathway. The ODH
pathway is expected to be the rate limiting step and hence
determine the experimentally observed diffusion rate. (10) In
layered R3̅m materials, the (104) surface is energetically
favorable. Questions of surface segregation in Ni-rich materials,
as well as phase changes at the surface, have been addressed
from theoretical approaches.
Beyond the many properties of layered NCM and NCA

materials discussed in this review, an additional crucial aspect
related to the rapidly growing use of LIB is disposal of spent
batteries.372−375 Inefficient or reckless disposal of spent LIBs
can result in various environmental and health issues due to
the presence of toxic and flammable heavy metals and organic
electrolyte components in these materials.373−378 Currently,
biometallurgical, pyrometallurgical, and hydrometallurgical
processes are widely used approaches for recy-
cling.372,374,376,379,380 Molecular level insights from computa-
tional studies can provide vital information on the factors
affecting the recycling properties of spent LIBs, as shown by
recent studies on LiCoO2,

381 NCM333,287 and Mn-rich NCM
materials.382 Thus, in conjunction with the ongoing efforts
toward improving electrochemical properties of LIBs, develop-
ment of environmental benign recycling technologies of spent
LIBs is also of great importance.
In spite of the significant advance in the area of

computational materials science, limitations with current
methods leave room for improvement. Next, we summarize
some points related to the core issue that all computed
properties depend on, namely, the PES, followed by aspects
relating to the realistic atomic-level modeling.
The GGA method gives reasonably good electron density

but often fails to predict correct band gaps and certain
electrochemical properties. Adding the empirical +U to PBE
often improves the band gap but thereby introduces
deficiencies into the electron density. Due to the empirical
nature of U, inappropriate values of U (e.g., high values) often
incorrectly perturb the electronic structure. Additionally, the
PBE+U approach is problematic for continuous (de)lithiation
processes, as the oxidation states of transition metals change
during this process, and oxidation state dependent U
parameters should not be altered as one is in essence changing
the energy functional. Additionally, neither PBE nor PBE+U
account for any significant short-range dispersion interactions.
The performance of computationally expensive hybrid func-
tionals, such as HSE06, depends on the amount of exact
exchange used, and the optimal amount can be system
dependent. Recently we have shown that the newly developed
meta-GGA functional SCAN improves the performance for
layered cathode materials due to better treatment of dispersion
interactions and localized states.138,209 For layered oxides,
which include strongly correlated elements, these higher rung
DFT functionals perform better than lower level functionals for
a range of properties, including electrochemically relevant
properties. So, future improvements in XC functionals in DFT
will undoubtedly have great impact on the accuracy of the
computed physical and electrochemical properties for battery

materials. Additional developments that will be crucial for
computational electrochemistry is further advancement of
linear scaling DFT methods, which will allow simulations that
are both longer and of increasingly larger systems.
An additional challenge for the current state-of-the-art

computational electrochemistry approaches is more realistic
modeling of the cathode system being studied.100 Both DFT
and empirical force field type potentials require an atomic level
model that reflects the experimental phase of the materials.
Indeed, without such a realistic model, any calculations could
be meaningless. In the case of NCM and NCA materials, it is
essential to know the distribution of metals in the TM layer, as
well as the extent and nature of cation mixing between the Li
and the TM layers. Methods for such predictions have been
presented recently.85,283 Additionally, it is crucial to know what
the active phase of the material is and what possible phase
transitions can take place. In Ni-rich NCM and NCA materials,
as well as in Li-excess layered materials, phase transitions are
known to take place on cycling. In NCM and NCA materials,
transitions to spinel and rock-salt phases take place, but the
atomic level structure and distribution of these phases are not
are always well characterized. In particular, the atomic level
structure of metastable states, such as disordered phases, is
challenging to predict for computational approaches. In such
cases, methods that incorporate experimental data from XRD
and NMR may be advantageous,283 as well as KMC or genetic
algorithm based methods.100 If the search configuration space
is large, one must invariably resort to classical energy potential
methods. Additionally, it can be challenging to treat low-
concentration doping, as it is necessary to employ very large
supercells and identify the correct doping site using
configuration search methods. Moreover, dopants tend to
segregate at the surfaces of particles and might preferentially
stabilize certain phases, like rock-salt, although the detailed role
of dopants is not fully understood.93 Also, constructing realistic
models of surface coating, including the accompanying
interfaces, is a significant challenge. Finally, the chemistry
between cathode and electrolyte occurring at the SEI is a
significant computational challenge that is being addressed by
several groups, but much remains to be done in this area.
Future studies of such interface chemistry will likely see an
increasing use of multiscale tools.383
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■ LIST OF FREQUENTLY USED ABBREVIATIONS

DFT: Density functional theory
DOS: Density of states
GGA: Generalized gradient approximation density func-
tional
HSE06: Heyd−Scuseria−Ernzerhof 06 hybrid functional
KMC: Kinetic Monte Carlo
LCO: LiCoO2
LDA: Local density approximation density functional
LIB: Lithium-ion battery
LMO: LiMnO2
LNO: LiNiO2
MC: Monte Carlo
MD: Molecular Dynamics
NCA: LiNi1−x−yCoxAlyO2
NCA333: LiNi0.3Co0.3Al0.3O2
NCA81515: LiNi0.80Co0.15Al0.15O2
NCM: LiNi1−x−yCoxMnyO2
NCM333: LiNi0.3Co0.3Mn0.3O2
NCM424: LiNi0.4Co0.2Mn0.4O2
NCM45145: LiNi0.45Co0.10Mn0.45O2
NCM523: LiNi0.5Co0.2Mn0.3O2
NCM622: LiNi0.6Co0.2Mn0.2O2
NCM71515: LiNi0.70Co0.15Mn0.15O2
NCM811: LiNi0.8Co0.1Mn0.1O2
NEB: Nudged elastic band
NMR: Nuclear magnetic resonance
OCV: Open circuit voltage
ODH: Oxygen dumbbell hopping
PBE: Perdew−Burke−Ernzerhof density functional
PBE+U: Perdew−Burke−Ernzerhof + Hubbard-U func-
tional
PES: Potential energy surface
SCAN: Strongly constrained and appropriately normed
functional
TM: Transition metal
TSH: Tetrahedral site hopping
XRD: X-ray diffraction
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(268) Pecher, O.; Carretero-Gonzaĺez, J.; Griffith, K. J.; Grey, C. P.
Materials’ Methods: NMR in Battery Research. Chem. Mater. 2017,
29 (1), 213−242.
(269) Chandrashekar, S.; Trease, N. M.; Chang, H. J.; Du, L.-S.;
Grey, C. P.; Jerschow, A. 7Li MRI of Li batteries reveals location of
microstructural lithium. Nat. Mater. 2012, 11, 311.
(270) Middlemiss, D. S.; Ilott, A. J.; Cleḿent, R. J.; Strobridge, F. C.;
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