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Abstract Cathode materials are the most critical chal-
lenge for the large scale application of Li-ion batteries in
electric vehicles and for the storages of electricity. The first
principles calculations play an important role in develop-
ment and optimization of novel cathode materials. In this
paper, we overview the first principles calculations of
energy, volume change, band-gap, phase diagram, and Li-
ion transport mechanism of cathode materials with an
emphasis on the design of such materials. We also over-
view the recent progress of data mining techniques and the
high-throughput first principles calculations for the design
and development of cathode materials. Finally, we preview
the challenges and opportunities of this rapidly developing
field.

Keywords Materials design - First principles - Density
functional theory (DFT) - Li-ion batteries - Diffusion
coefficient

1 Introduction

The rapid industrialization and urbanization of modern
China benefit greatly from the over exploitation of fossil
fuels and other nature resources. However, such develop-
ment is reaching the critical point of resources supply and
environmental tolerance. In 2012, China consumed
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2.8 billion tons of coal (about half of the overall world
consumption), and 490 million tons of petroleum. Now,
China is the second largest petroleum importer, and will
become the largest importer in the near future. Even to
pursue moderate economy growth, China has to maintain
about 4 % yearly growth in energy supply. Therefore, it is
important to develop advanced energy technologies for the
exploitation of renewable energies, such as wind power and
solar energy, and for the efficient and environmentally
friendly use of fossil fuels.

In our times, the scientific and industrial communities
have identified several advanced energy technologies, such
as batteries and super capacitors, fuel cells, solar cells, and
thermochromic coatings, as competitive candidate tech-
nologies for our society. However, the large scale com-
mercializations of these advanced energy technologies
depend on the development of several advanced energy
materials. For example, the application of Li-ion batteries
in electric vehicles depends on the development of anode
and cathode materials, proton exchange membrane fuel
cells on the proton exchange membranes and the electro-
catalysts, thermochromic coatings on the thermochromic
materials. And the lack of adequate and affordable
advanced energy materials has hindered our society to
overcome energy and environmental crises. In this paper,
we present an overview of the computation approach for
the development of cathode materials for Li-ion batteries,
with an emphasis on the first principles calculations and the
rational design of these materials.

The advanced cathode materials for Li-ion batteries are
developed in three phases, requirement specification,
screening for candidate compound, and developing the
candidate compound into a commercial material. The
requirement specification is identified by the domain
experts according to the specific application, and it is the
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target of the advanced cathode materials for Li-ion bat-
teries. The next two phases are carried out by materials
scientists and engineers. In order to develop advanced
cathode materials for Li-ion batteries, researchers have to
firstly identify candidate compound by screening databases
of existing compounds and/or by virtual screening of
possible compounds which have not been synthesized or
identified, and then to engineer the candidate compound
via modification for commercial applications. For example,
Padhi et al. [1] identified the olivine lithium iron phosphate
as competitive cathode material for Li-ion Dbatteries
because of its relatively high energy density, low cost, and
safety concerns compared to LiCoO,. However, the ther-
modynamic properties only provide this material the pos-
sibility as cathode material for Li-ion batteries and its
commercial application is a result of years of efforts on the
improvement of this material [2]. The process of com-
mercialization of a material is slow and costly. As a matter
of fact, Eagar showed that the average time required for
new materials to be commercialized was 20 years [3].

In order to accelerate the commercialization process of
novel materials, the full use of experimental and theoretical
information ever accumulated in literatures and databases
is critically important. Recently, a Materials Genome
Project (MGP) was launched at MIT aiming to perform
large-scale property computations on all known inorganic
compounds and to make that basic information available
for materials research discovery [4]. In Shanghai Univer-
sity, the 085 Knowledge Innovation Program is being
carried out for the development of novel materials, espe-
cially of the materials applied in extreme environments.

In the following sections, we are going to overview the
first principles calculations and design of cathode materials
for Li-ion batteries including the calculation of energies,
structures, and band-gap energies, phase diagram calcula-
tions, kinetic mechanism of Li-ion transport, and data
mining and high-throughput ab initio calculations. We will
also overview the first principles investigation of sodium
ion intercalation materials for the emerging technology of
sodium ion batteries. Finally, we will summarize the most
important achievements and preview the challenges and
opportunities of this rapidly developing field.

2 Calculations of energies and structures

In the field of solid state inorganic materials, density func-
tional theory (DFT) is among the most popular and versatile
methods to calculate their energies and structures. Several
levels of approximations, including the local density
approximation (LDA), the generalized gradient approxima-
tion (GGA), and the so called GGA + U method, are widely
accepted for such calculations. The functionals PW91 and

PBE and hybrid functionals PBEO and HSEQ6 are popular for
solid state calculations [5]. The difference between PBE and
PBEO functional is that a quarter of PBE exchange is
substituted by the exact Hartree-Fock exchange [6, 7]. The
functional HSEO03 and HSE06 were developed to overcome
the expansive Hartree-Fock calculations, in which only short
range interaction was described using Hartree-Fock
exchange [8, 9]. The calculations for solid state inorganic
materials differ from those for organic molecules. In par-
ticular, periodic boundary conditions must be applied for
solid state inorganic materials, and non-localized plane wave
basis sets are applied instead of the localized Gaussian-type
basis sets. The Bloch’s theorem states that the wave func-
tions in periodic systems can be expressed as Bloch waves,
and the wave functions of any free electrons can be described
with plane wave packets. The most widely accepted calcu-
lation programs are VASP and CASTEP, and functionals are
PBE for solid state calculations, while for molecular calcu-
lations, the programs are GAUSSIAN and functionals are
B3LYP.

From the view points of a simulator, one can calculate
every property including the structure, the total energy, and
the band structure of a substance. Two of the most
important properties of a cathode material obtainable from
the first principles calculations are structure and energy,
which determine the voltage, capacity, and cycling stability
of the Li-ion batteries.

Meng et al. [10] have reviewed the computation
approaches aimed at designing better electrode materials
for Li-ion batteries, especially how each relevant property
can be related to the structural component in the material
and can be computed from the first principles. Recently,
they also reviewed the first-principles computational
investigations toward understanding, controlling, and
improving the intrinsic properties of five well known high
energy density Li-ion intercalation electrode materials:
layered oxides (LiMO,), spinel oxides (LiM,Qy,), olivine
phosphates (LiMPO,), silicates (Li,MSiO,4), and the ta-
vorite (LiM(XO,)F), where M are 3d transition metal ele-
ments. They described the crystal structures, the redox
potentials, the ion mobilities, the possible phase transfor-
mation mechanisms, and structural stability changes, and
the relevance of these properties to the development of
high-energy, high-power, low-cost electrochemical sys-
tems [11].

2.1 Phosphates

The olivine LiFePO, is one of the most competitive cath-
ode materials for Li-ion batteries attributing to its relatively
high energy density, and excellent thermal and electro-
chemical stability, environmental friendliness, and low
cost. However, the large scale commercialization of
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LiFePQ, in electric vehicles is impeded by its poor elec-
trode kinetics or charging/discharging kinetics because of
the low Li-ions migration rate.

The crystal defects are important factors impacting Li-ion
transport mechanism and pathways. Hoang et al. [12] studied
the native point defects and defect complexes in LiFePO,
using DFT calculation within the GGA + U framework and
concluded that the native point defects were charged, and
each defect was stable in one charge state only. Kuss et al.
[13] investigated site exchange defects in LiFePO, and
FePQ,, as well as the energies and diffusion kinetics using
atomistic modeling based on empirical force field model.

Doping and substitution are two important methods
widely accepted for the improvement of LiFePO, in exper-
iments. In order to explain the mechanism of doping and
substitution, Xu et al. [14] investigated the electronic struc-
tures of pure and doped LiFePO, by the first-principles cal-
culations and concluded that the band-gap of LiFePO, was
most affected by F-ion doping at O site with the narrowest
band gap, followed by Mn-ion doping at Fe site, and Na-ion
doping at Li site. Lin et al. [15] calculated the average
intercalation voltage and charging/discharging volume
change of LiMn,Co;_,PO, and concluded that the volume
change of LiMn,Co,_,PO, to Mn,Co;_,PO, was smaller
than that of undoped LiCoPO, which was responsible for the
excellent tolerance of repeated cycling in Li-ion batteries.

Besides the doping on the metallic sites or O sites, the
substitution of the phosphorus atoms by other elements,
such as carbon atoms, will also affect the properties of
LiFePQ,. Chen et al. [16] discovered a new class of carbon
phosphates, which could intercalate Li-ions reversibly from
a novel high-throughput ab initio computational approach,
and reported their synthesis, characterization, and electro-
chemical testing. The systematic experimental validation
of the carbon phosphates were conducted, and experi-
mental conditions of formation and the computational
results were compared and discussed [17]. On the other
hand, Xu et al. [18] studied the effect of C doping on the
structural and electronic properties of LiFePO, using the
first-principles calculations within the GGA + U frame-
work and indicated that C doped at O sites was energeti-
cally favored, and that C dopants preferred to occupy O3
sites.

Since the LiIMPO, (M = Mn, Ni, Co, V) is unstable at
high temperature by releasing oxygen via disproportion-
ation reactions, which may result in the explosion of the Li-
ion batteries. Therefore, it is reasonable to use the dispro-
portionation products, the pyrophosphates as cathode
materials. The properties of LigM3(P>07)3(PO4), (M =V,
Mo), potentially interesting cathodes from a high-
throughput computational search, were studied with DFT
calculations. From the calculated voltage, volume change,
stability, safety, and diffusivity, it was found that extracting
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the final Li from Li,V3(P>O7)3(PO,4), will be difficult due
to voltage and safety concerns, while the yet-unreported
class of compounds Li,V3_3,M03,(P>07)3(POy), was pro-
posed as a potential improvement over the pure V com-
pound, especially for y = 2/3 [19].

2.2 Complex oxides

The lithium transition-metal oxides LiMO, (M = Co, Ni,
Mn), such as LiMnO, and LiCoO,, are the most widely
applied cathode materials in the early age and are still
widely accepted for Li-ion batteries. The defect chemistry
in a series of layered lithium transition-metal oxides,
LiMO, (M = Co, Ni, Mn, and Li;;3Mn,/;3), was investi-
gated by systematic first-principles calculations. The cal-
culations clearly showed that Ni*" jons in LiNiO, were
easily reduced, whereas Mn>* ions in LiMnO, were easily
oxidized under ordinary high-temperature synthesis con-
ditions [20]. A first-principles approach to predict the
intercalation voltage for lithium in metal oxides was pre-
sented, and the intercalation voltage of LiMO, (M = Ti, V,
Co, Ni and Cu) was computed in good agreement with
experimental observations [21].

DFT calculations were also applied to the investigation of
delithiation process, the kinetics of lithium diffusion, and the
oxygen stability of Li,MnO; [22]. The surface structure and
equilibrium particle shape of the LiMn,O, spinel were
studied from DFT calculations which were benchmarked to
obtain the correct semiconducting, Jahn-Teller distorted
ground state of bulk LiMn,O4 [23]. Combined computa-
tional and experimental studies were used to probe the active
redox pairs and changes in electronic structure of
LiNi,;;Co;,3Mn; 30, during intercalation or deintercalation
of Li, and concluded that LiNi;;3Co,,3Mn,;30, was a high-
capacity stable cathode material for Li-ion batteries [24]. In
another investigation, Ling et al. [25] studied the Li and Li
oxides insertion in o-MnO, with the first-principles
calculations.

Besides defects structures, Kim et al. [26] studied the
thermodynamic stability of oxygen and lithium vacancies
and their most stable configurations of layered lithium
nickel oxide based cathode materials by DFT calculations.
The Jahn-Teller effect in LiNiO,, LiMnO,, and LiCuO,,
were investigated in the framework of GGA, and the
cooperative distortion was decomposed into the symme-
trized-strain modes and k = 0 optical phonons [27].

2.3 Silicates and borates

Besides the complex oxides and phosphates, silicates and
borates are also investigated using the first principles cal-
culations. Liivat demonstrated that the full reversal of Li/Fe
site occupations was energetically favored on delithiation
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for all three electrochemically active Li,FeSiO4 poly-
morphs, and the common layered topology in the arrange-
ment of SiO4 and FeO, tetrahedra in all three polymorphs
transforms into a 3D-framwork. However, the partial
reversal is energetically less favored supporting the two-
phase transformation mechanism [28]. Seo et al. [29]
studied the polymorphism and phase transformations of
Li,_,FeSiO4 (0 < x < 2) from the first principles calcula-
tions. In addition, the structural and electrochemical prop-
erties of the different polymorphs of Li,MnSiO, were
studied [30]. The Li intercalation potential, volume change,
and Li mobility of LiIMBO; (M = Mn, Fe, and Co) were
also studied [31].

Manthiram described the challenges and prospects
associated with high-voltage and high-capacity cathode as
well as high-capacity anode materials, and the approaches
to overcome these challenges were presented including
computational modeling and simulations [32].

3 Band-gap calculations

Band-gap, which is the energy gap between occupied and
unoccupied states, is an essential property for semicon-
ductors, and electrochemical, optical, and photovoltaic
materials. The band-gap can also be interpreted as the
difference between the ionization energy and electron
affinity energy [33]. The experimentally measured band-
gaps are sensitive to local structure and defects of the
surface via photoemission spectroscopy, optical absorption
spectroscopy, and cyclic voltammetry. Such error should
be taken into account in any cautious comparison of
experimental and theoretical band-gaps. The calculated
band-gaps are very sensitive to the physical models and
approximations. The Hartree-Fock self-consistent field
approximation usually overestimates the band-gap, and the
typical DFT approximations underestimate the band-gap.
Therefore, various approximations, including time-depen-
dent DFT, exact exchange, hybrid and screened-hybrid
functionals, and modified Becke-Johnson potentials, are
developed to accurately evaluate band-gaps [34].
Recently, Ceder et al. generalized the delta self-consis-
tent-field (ASCF) method to predict the band-gaps for solids,
and 70 % reduction of mean absolute errors compared to the
Kohn-Sham gaps on over 100 compounds with experimental
gaps of 0.54 eV, at computational costs similar to typical
DFT calculations were obtained [34]. For the transition
metal and rare-earth compounds, the DFT 4+ U method
which is used to address the on-site Coulomb interactions in
the localized d or f orbitals with an additional Hubbard-type
term U, is widely accepted [35-37]. The GGA + U method
often correctly reproduces the relative energetic, magnetic
ground states, and electronic structure for systems in which

GGA often fails, including redox reaction energies in oxides
for which GGA may produce errors of over 1 eV per for-
mula unit. However, the GGA + U method also suffers from
limitations, especially the transferability of U across com-
pounds. Jain calculated the formation enthalpies for a test set
of 49 ternary oxides by mixing GGA and GGA + U method,
and the mean absolute relative error was reduced from
7.7 % to 21 % in GGA + U method to under 2 % [38].
Recently, a novel nonempirical scaling correction method
was developed to tackle the challenge of band-gap predic-
tion in DFT calculations [39].

4 Phase diagram calculations

Phase diagrams are essential for the development of new
materials. It is also very tedious to experimentally measure
the phase diagram of a multicomponent system, such as
ternary and quarternary systems. The CALPHAD tech-
niques have permitted the prediction of phase diagrams and
thermodynamic properties of multicomponent systems
from binary and ternary subsystems. Since the DFT is an
important method for the calculation of thermodynamic
properties, phase diagrams can be calculated by combina-
tion of CALPHAD and DFT methods.

Based on the first principles calculations, Ong et al. [40]
calculated the phase diagram of Li-Fe-P-O,. They also
investigated the thermal reduction of delithiated LiMnPO,
and LiFePO, based on the quarternary phase diagrams and
confirmed that MnPO, decomposed at much lower tem-
perature than FePO,, and substantial oxygen was released
as MnPOy reduced to Mn,P,0; [41]. In addition, they
compared the small polaron migration and phase separation
in olivine LiMnPQO, and LiFePO, using the HSE06 func-
tional [42].

5 Kinetic mechanisms and rate processes

Any commercial Li-ion batteries should be charged in
reasonable time. The charging speed of a battery is eval-
uated in C-rate which is the multiple of the current over the
current that the battery can be fully charged from its fully
discharged state in one hour. At discharging, the battery is
used to supply power for loadings. The discharging speed
of the battery is also evaluated in C-rate which is the
multiple of the current over the current that the battery can
sustain for one hour. No matter in charging or in dis-
charging, the maximum obtainable C-rate of any battery is
limited by its technical condition, and the maximum
charging/discharging C-rate is an intrinsic technical
parameter determining the minimum time in which the
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Table 1 Average Li-ions diffusion time 7 at various diffusion coef-
ficients D and particle diameters d

D/(Cm2~571) /s

d/ipm

10 1 0.1 0.01
1071 10° 10° 10 0.1
10712 10° 10* 10? 1
1071 107 10° 10° 10
1071 108 10° 10* 10?
1071 10° 107 10° 10°

battery can be charged and/or the maximum power that the
battery can supply. For the application in the transportation
and electricity storage sectors, the maximum charging/
discharging C-rate is one of the most important restrictive
parameters.

The maximum charging/discharging C-rate of a battery
is determined by the intrinsic characteristics of the battery
materials, as well as its design and technical conditions.
During charging/discharging of a Li-ion battery, the rate-
determining step is usually the intercalation/extraction of
Li-ions into/from the cathode material. For a cathode
material with diffusion coefficient D and particle diameter
d, the Li-ions can be fully intercalated or extracted in an
average time of © = d°/D. The typical apparent Li-ion
diffusion coefficient D in LiFePO, is from 1071 cm%s to
10~"* cm?/s. If the average particle size of LiFePO, is 1 pm,
the average intercalation/extraction time of all the Li-ions
will be from 10* s to 10” s, equivalent to a maximum C-rate
from 0.36 °C to 0.036 °C. From Table 1, where it lists a few
typical Li-ion diffusion time t at various diffusion coeffi-
cients D and particle diameters d, it can be concluded why
the particles of cathode materials must be reduced to
nanoscale.

It is well known that the thermodynamic properties are
state variables independent on the preparation history as
well as the shapes and morphologies of the material if its
surface effects are neglected. The redox voltages are
thermodynamic properties dependent only on the intrinsic
properties of the material and independent on its prepara-
tion history. Therefore, the voltage and specific energy of a
Li-ion battery are only dependent on its electrode materi-
als. However, the apparent diffusion coefficient of an
electrode material is not a state variable and dependent on
its preparation history as well as the shapes and morphol-
ogies of the material particles. It can be concluded that the
charging/discharging characteristics of a electrode material
is related to the diffusion coefficient and particle sizes and
morphologies, and the control of particle sizes and mor-
phologies is the most important issue in the preparation of
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electrode materials for Li-ion batteries satisfying fast
charging/discharging.

In this section, we are going to overview the experi-
mental techniques, as well as theoretical methods for the
evaluation of apparent diffusion coefficients of Li-ions in
cathode materials. We will present the experimental tech-
niques and their applications in Sect. 5.1. In Sect. 5.2, we
will discuss the theoretical methods that are used to
investigate the Li-ions diffusion mechanism including
diffusion pathways and activation energies by DFT calcu-
lations and various molecular dynamics (MD) simulations.
In addition, technical means for the improvement of dif-
fusion kinetics by introducing of disorders and defects and
dopants are proposed.

5.1 Measurements of apparent Li-ion diffusion
coefficients

The apparent Li-ion diffusion coefficient in an electrode
can be evaluated using various experimental techniques
including cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS), the ratio of the potentio-
charge capacity to the galvano-charge capacity method
(RPG), galvanostatic intermittent titration technique
(GITT), potentiostatic intermittent titration techniques
(PITT), and capacity intermittent titration technique
(CITT) [43, 44]. For example, Tang et al. [45] investigated
the diffusion behavior of Li-ions in LiFePO, by CITT, and
determined continuously the Li-ion diffusion coefficient
D in LiMn,0, using CITT [46, 47]. Churikov evaluated the
Li-ion diffusion coefficient in LiFePO4 by GITT and PITT
[48].

The Li-ion diffusion coefficient in thin film of LiFePO,
prepared by radio frequency magnetron sputtering is in
range of 107" cm?/s to 107'% cm?/s and 10~"° cm?/s to
107" cm?*/s measured by PITT and EIS, respectively, and
in order of 10~ ¢cm?/s measured by CV [49]. In the same
work, it was concluded that the Li-ion diffusion coefficient
was dependent greatly on electrode potential but almost
independent on the Ag content in the LiFePO, film and
crystal orientation, and thicker films show somewhat larger
diffusion coefficients than thinner films. In addition, the
electrochemical performance is determined mainly by the
electronic conductivity of the films, rather than by the Li-
ion diffusion kinetics [49]. Tang et al. [50] deposited a
pure, well crystallized and highly (0 3 3) oriented LiCoO,
thin film on stainless steel substrate by pulsed laser depo-
sition and measured the apparent Li-ion diffusion coeffi-
cient to be between 2 x 107'* cm?s and 107'% cm?%/s
using CV, EIS, and PITT.

The apparent diffusion coefficient of Li-ions in Li,FePO,
is also dependent on its composition or the value of x, as the
value of x changes from O to 1. The apparent diffusion
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coefficient varies from 2.2x 107 '® cm%s to 1.8x 10~"* cm?/s
evaluated by EIS and GITT techniques [51]. Recently, we
prepared nano-layered LiFePO, particles from nano-layered
ferrous phenylphosphonate templates, and observed the
apparent Li-ion diffusion coefficient at 1.5 x 107" cm%/s
and 3.1 x 107" cm%/s by CV and EIS, respectively. These
values are among the best apparent Li-ion diffusion coeffi-
cients ever observed in Li FePO, [52].

5.2 DFT investigation of Li-ion diffusion mechanisms

DFT calculations are powerful tools not only for the cal-
culations of energetics and the optimization of structures,
but also for the investigation of transport mechanisms.
Dathar et al. [53] studied the Li-ion migration pathways in
olivine Li,_,FePO, using the DFT + U method, and
resolved the discrepancy between experimental measure-
ments and theoretical calculations by considering various
possible Li-ion diffusion kinetics, including diffusions in
the bulk, on the surface, in the presence of defects, and in
varying local environments, and concluded that the slow
vacancy diffusion, which had a barrier of 0.71 eV, com-
pared to 0.29 eV in defect-free channels, was the most
important factor to the slow Li-ion kinetics. Hoang et al.
studied the effect of various dopants, including monovalent
(Na, K, Cu, and Ag), divalent (Mg and Zn), trivalent (Al),
tetravalent (Zr, C, and Si), and pentavalent (V and Nb), on
the ionic and electronic conductivities of LiFePO, from
DFT calculations, and identified impurities that were
effective (or ineffective) at enhancing of concentration of
lithium vacancies or of small hole polarons. They also
discussed specific strategies for enhancing of electrical
conductivity in LiFePO,, and provided suggestions for
further experimental studies [54].

Liu et al. [55] studied the Li-ion migration properties,
especially the activation energies in the olivine structured
Li,_,FePO, and in the Li,_,FeSO4F using the nudged
elastic band (NEB) method within the GGA + U frame-
work. The calculated activation energies in LiFePO, and
FePO, are 0.5 eV and 0.27 eV, respectively, and that in
partially delithiated Li;_,FeSO4F is as low as 0.3 eV cor-
responding to a diffusion coefficient estimated to be about
1.6 x 1077 cm?/s [56].

The effects of N doping on the crystal structure, charge
distribution, and transport properties of N-doped LiFePO,
have been studied within the GGA + U framework. It was
concluded that the Fe—N bonding was covalent like, and
the Fe atom nearest to the N atom appeared as Fe*' to
maintain charge balance. These characteristics result in a
much narrower band-gap and strongly localized band near
the Fermi level, thus improved electronic conductivity. The
Li-ion diffusion activation energy in N-doped LiFePO, is
slightly lower than the pristine LiFePO, as evaluated using

the NEB method [57]. The DFT calculations were also
applied to the investigation of the (010) surface structure of
LiFePO, coated with graphene or graphene-like B—C—N,
and two in-gap states with an interval of 0.6 eV appear in
the gap resulting in improved electric conductivity [58].

Iddir and Curtiss studied the Li-ion diffusion mecha-
nisms in bulk monoclinic Li,COj crystals using DFT cal-
culations and concluded that Li-ions transported along the
open channel along the [010] direction with potential bar-
rier as small as 0.28 eV [59]. Kang carried out DFT cal-
culations for the orthorhombic Li,NiO, to study the Li-ion
mobility and predicted that the activation barriers along the
b-axis and diagonal direction between a- and b-axes were
fairly low, ensuring the facile Li-ion diffusion along those
directions. However, the migration along the g-axis is
unlikely given the very high activation barrier, and thus it
was concluded that Li,NiO, was a reasonably good Li-ion
conductor with 2D diffusion pathways [60].

5.3 Atomistic simulations of Li-ion diffusion pathways

While DFT calculations are used to study the structures and
energetics of Li-ion transport, MD simulations are used to
directly simulate the transport pathways of Li-ions. Lee
et al. [61] carried out MD simulations based on empirical
potential parameters to elucidate the structure, defect
chemistry, and Li-ion transport pathways and dynamics in
Li,MP,0,; (M = Mn, Fe, and Co), and concluded that the
pyrophosphates without partial occupation had a 2D Li-ion
transport pathway. Meanwhile, under the condition of par-
tial occupancies of Li and transition metal atoms, the dif-
fusion pathway of Li-ion is a 3D network [61]. For the
monoclinic LizV,(POy)s, the Li-ion mobility is fairly high
and strongly anisotropic as revealed by migration energy
calculation, and the Li-ion diffusion coefficients are eval-
uated to be about 10~ cm?/s (at 298 K) with activation
energy of 0.45-0.48 eV based on MD simulations [62]. For
LiFePO,, Adams simulated the Li-ion transport pathways as
regions of low bond valence mismatch based on empirical
force field models [63]. While classical MD simulations
depending on empirical force field models, Yang et al.
investigated the Li-ion diffusion mechanisms in fully lith-
iated LiFePO, with spin polarized ab initio molecular
dynamics calculations (AIMD) within GGA + U frame-
work and concluded that Li-ion diffusion was not a con-
tinuous process but a series of jumps from one site to
another. A dominant process is the jumping between
neighboring Li sites around the PO, groups resulting in a
zigzag pathway along the crystallographic b-axis and a
second process involves the collaborative movements of the
Fe-ions leading to the formation of antisite defects and
promotes Li-ion diffusion across the Li-ion channels [64].
And the AIMD simulations indicated that the lithium layer
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was the main diffusion plane in Li,MnO;, while the Li-ions
in the transition-metal LiMn, layer migrated into the lith-
ium layer first, and then diffused through the lithium plane
or moved back to the LiMn, layer [22].

The DFT calculations and AIMD simulations have
also been combined to study the diffusion mechanism of
Li-ions in the olivine LiFePO, and to simulate the 1D
diffusion behavior [65]. In addition, Ouyang et al. [66]
calculated the migration energy barriers of Li-ions and
Cr-ions along the 1D diffusion pathway in pure and
Cr-doped LiFePO, from the first principles calculations,
and then applied Monte Carlo simulations to evaluate the
influences of the blocking behaviors on the electro-
chemical performance of LiFePO,.

5.4 Direct observation of Li-ion diffusion pathways

The direct observation and visualization of Li-ion transport
pathways in Li,FePO, were realized by combining high-
temperature powder neutron diffraction and the maximum
entropy method [67]. Recently, Clark et al. [68] studied the
Li-ion transport pathways in high-voltage pyrophosphate
cathode materials by combination of atomistic simulation
and neutron diffraction techniques and concluded that the
Li-ion diffusion in Li,FeP,O; would follow nonlinear,
curved pathways parallel to the b- and c-axes through a 2D
network in the bc-plane in contrast to the 1D diffusion in
LiFePO,. In addition, favorable doping was for Na™ on the
Li™ site, and isovalent dopants (e.g., Mn>*, Co*", Cu®™) on
the Fe>" site. In contrast, supervalent doping especially V>
and Nb>* appears unfavorable on both Li™ and Fe*" sites.

6 Materials for sodium ion batteries

If large scale commercializations of electric vehicles and
energy storage facilitates based on Li-ion batteries are
realized, the sustainable supply of lithium may be a great
problem as the lithium reserves in China are limited and
mainly locate in the environmentally weak area of Qinghai
Province. Therefore, alternative technologies based on the
Na-ion batteries, working on the cheap and widely acces-
sible sodium, were proposed.

The principles for Na-ion batteries are similar to that of
Li-ion batteries. In the core of a Na-ion battery, there are
the cathode material and the anode material separated by a
microporous membrane soaked in nonaqueous electrolyte
solution allowing the shuttling of Na-ions between the two
electrode materials. The requirements for anode material,
the electrolyte solution, and the microporous membrane
used in Na-ion batteries differ slightly from those used in
Li-ion batteries. What makes really different is the cathode
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material. The cathode material used in Na-ion batteries
must allow the reversible intercalation and extraction of
Na-ions which are more spacious than the Li-ions. In this
section, we are going to review the recent theoretical
investigations of Na-ion intercalation materials with an
emphasis on the transport mechanisms.

As an emerging technology, the number of Na-ion
intercalation materials is limited and their structures
resemble to that of Li-ion intercalation materials. For
example, Velikokhatnyi et al. [69, 70] studied the structural
stability of NaB,Mn;_,0, (x = 0-0.375) and that with
75 % vacancy of Na-ions for each concentration of B using
DFT calculations within the GGA framework. Recently,
Kim et al. [71] studied the structural and electrochemical
properties of Nay44MnO, by the first principles calcula-
tions combined with experiments, and suggested that the Cr
substitution will reduce the volume change significantly
during intercalation and extraction.

The sodium iron fluorophosphates are also investigated
as Na-ion intercalation materials. Ramzan et al. [72]
studied the crystal structures of Li,FePO4F, Na,FePO,F,
LiFePO,F, and NaFePO,F by ab initio calculations in the
framework of GGA and GGA + U, and the calculated
intercalation voltages with the GGA + U method was in
good agreement with experimental values. New iron-based
mixed polyanion compounds Li,Na,_Fe3(PO,4),(P,0,)
(x = 0-3) were synthesized, and their crystal structures
were determined. The first principles calculations have
identified the complex 3D pathways as well as the corre-
sponding activation barriers and revealed these materials as
fast ionic conductors. The properties of high power, small
volume change, and high thermal stability were also rec-
ognized, presenting this type of new compounds as
potential competitors to other iron-based electrodes such as
Li,FeP,0-, Li,FePO,F, and LiFePO, [73]. In addition, the
NEB method with eight images along the Na-ion migration
pathway was used to evaluate the sodium migration bar-
riers in Na,FeP,O; [74]. The Na,MnP,0,, as a new cath-
ode material for Na-ion batteries, was investigated using
both experimental and theoretical methods with the first-
principles calculations to study the structure and interca-
lation kinetics [75].

Recently, Na;V,(PO,4),F; was studied with combined
first principles and experimental method for rechargeable
Na-ion batteries, and the mechanism of structural evolution
and the electrochemical behavior upon battery cycling [76].

7 Combination of data mining and high-throughput
ab initio calculations

The benefits from DFT calculations in the design and
optimization of new materials have been demonstrated
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across several research fields. The scalability of computa-
tions makes it possible to make predictions on thousands of
compounds, and potentially for all known inorganic
materials. For example, Jain et al. [77] described a high-
throughput infrastructure for DFT calculations to compute
properties of approximately 80,000 compounds within the
GGA + U framework.

Recently, the concept of MGP, materials design by the
combination of high-throughput computation and database
mining of all known inorganic materials, was proposed [4].
As an example of MGP, the design of electrode materials
for Li-ion batteries was demonstrated, and several new
electrode materials were computationally designed and
experimentally synthesized and tested [4]. Besides the
high-throughput first principles computing, the other
technology for the MGP is the data mining, searching
crystal structure database for candidate materials. For
example, Ceder et al. [78] searched experimental or com-
putational results and applied the data mining results to the
prediction of crystal structure of materials.

Now the database searching algorithms have developed
into machine learning, and it is possible to predict
unknown or unidentified compounds that do not exist in
any databases. Using a probabilistic model built on an
experimental crystal structure database, Tautier et al. [79]
identified 209 novel compositions that were most likely to
form a compound, predicted their most-probable crystal
structures, and tested for their stability by DFT computa-
tions. Bennett integrated database searching and the first
principles calculations for the discovery and design of
novel functional materials [80].

Substitution is an important method in the discovery of
new compounds. Hautier et al. developed a probabilistic
model assessing the likelihood for ionic species to sub-
stitute for each other while retaining the crystal structure.
The model was trained on an experimental database of
crystal structures, and could be used to quantitatively
suggest novel compounds and their structures. The pre-
dictive power of the model was demonstrated using cross-
validation on quaternary ionic compounds. The different
substitution rules embedded in the model were analyzed
and compared to some of the traditional rules used by solid
state chemists to propose new compounds [81].

Hautier et al. applied high-throughput ab initio com-
puting to study a series of mixed polyanions compounds of
formula A, M(YO3)(XO,4) (with A = Na, Li; X = Si, As,
P; Y =C, B; M = a redox active metal; and x = 0-3).
The stability of both lithium and sodium-based compounds
was analyzed along with the voltage, specific energy, and
energy density, and several novel carbonophosphates and
carbonosilicates were identified as potential high capacity
(>200 mAh/g) and specific energy (>700 Wh/kg) cathode
materials for Li-ion batteries [82]. In addition, high-

throughput DFT calculations were also applied in the study
of phosphates [83], tavorite-structured oxyphosphates,
fluorophosphates, oxysulfates, and fluoro sulfates [84], and
complex oxides LiMO, (M = Ti, V, Mn, Co, Ni, Zn) for
their applications as cathode materials [85, 86].

Recently, several review articles were published in the
field of materials design by combination of intelligent data
mining and high-throughput ab initio calculations, and the
challenges and opportunities of this rapidly developing
field were highlighted [87-89].

8 Conclusions

In the past years, we have witnessed the exponential
growth of computing technology and its penetration into
every aspects of modern society. Computing technology is
also changing the development activities of new materials.
One of the most significant achievements is the develop-
ment of the first principles calculation methods and pro-
grams which allow the experimentalists to calculate or
predict the structures and properties of a material or com-
pound before its synthesis. The second achievement is the
development of atomistic modeling techniques which
allow the visualization of the motion of atoms, molecules,
and even chemical reaction processes. These techniques
will inspire scientists and engineers to develop and opti-
mize the preparation process of new materials. The third
achievement is the development of various databases of
crystals and compounds allowing the fast searching for any
experimental information that has ever accumulated.

One of the challenges is to integrate the first principles
calculations, atomistic modeling, and databases into a
single system, so that streamlined development of new
materials, screening candidate compounds or predicting
unknown compounds, calculating their properties, and
visualizing their synthesis reactions, can be realized. The
second challenge is to develop new functionals to accu-
rately calculate electron correlation energy, and thus other
properties and energies.
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