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TOPICAL REVIEW — Fundamental physics research in lithium batteries

High-throughput theoretical design of lithium battery materials*
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The rapid evolution of high-throughput theoretical design schemes to discover new lithium battery materials is re-
viewed, including high-capacity cathodes, low-strain cathodes, anodes, solid state electrolytes, and electrolyte additives.
With the development of efficient theoretical methods and inexpensive computers, high-throughput theoretical calculations
have played an increasingly important role in the discovery of new materials. With the help of automatic simulation flow,
many types of materials can be screened, optimized and designed from a structural database according to specific search
criteria. In advanced cell technology, new materials for next generation lithium batteries are of great significance to achieve
performance, and some representative criteria are: higher energy density, better safety, and faster charge/discharge speed.
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1. Introduction

The development of new materials is of major technolog-
ical importance for almost any application. The traditional
way to discover a new material is to produce and test sam-
ples one by one based on empirical information about crys-
tal structures and other material properties.!!! The numerous
combinations of elements, compositions and crystal structures
make the search for needed materials an arduous task, and the
time from discovery of a new material to its use in commercial
products can be 20 years or more.?! To accelerate the pace
of materials discovery, a strategy originally developed in phar-
macy labs, high-throughput combinatorial screening,*>! has
been more widely adopted to search for new materials or im-
prove materials already in use. Rather than create and test
materials one by one, the high-throughput methods synthesize
and characterize new materials through thousands of samples
in parallel, greatly speeding up the identification of valuable
materials.[®! Starting from the significant work by Xiang ef
al. for discovering superconductors through combinatorics in
1995,17! the high-throughput method has been recognized as
effective and has been applied in biological activities,!!) and
in hunting for catalysts,!®-1% coatings,'>!3! polymers,[!*! flu-
orescence materials, ! etc.

Over the last half century, a rapid increase of compu-
tational power and the development of theoretical methods
has made quick and accurate simulations of material proper-
ties possible. As a result, high-throughput theoretical screen-
ing, analogous to high-throughput combinatorial experiments,

has become a promising way to discover new materials. 6]
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In recent years, researchers have started to apply the high-
throughput theoretical screening method to material catalogs
across lots of fields. Strasser et al. performed high-throughput
density functional theory (DFT) calculations on a series of
ternary PtRuM (M = transition metal) alloys to screen new an-
ode fuel cell alloy catalysts with improved CO tolerance.!'”]
To search for electrocatalytic materials for the hydrogen evo-
Iution reaction (HER), Greeley et al. carried out a DFT-
based high-throughput screening scheme to evaluate the ac-
tivity of over 700 binary surface alloys, and BiPt was identi-
fied as an HER catalyst with better performance than Pt.[!8]
Andersson et al. studied the ability to combine with oxygen
in the surface of 60 alloys by using density functional the-
ory (DFT), and evaluated the materials’ catalytic activity in
the conversion reaction of CO +3H; —CHy4 + H> O, finally de-
signing a catalyst for nickel—iron alloys.!'”) By modeling the
reaction of water with metal organic frameworks, Low er al.
screened the alternatives for hydration of porous coordination
polymers according to hydrothermal stability, based on quan-
tum mechanical cluster calculations.?”) Wang et al. carried
out high-throughput ab initio calculations of band structures
for compounds from the Inorganic Crystal Structure Database
(ICSD), and by evaluating the power factor of each struc-
ture, the thermoelectric properties were assessed.*!! Zhang
et al. evaluated the half-Heusler compounds and pseudocu-
bic structures as thermoelectric materials by calculating the

(22,231 High-performance piezo-

electrical transport properties.
electrics were screened within the ABO3 chemical space in the

perovskite structure by Armiento et al. using high-throughput

*Project supported by the National Natural Science Foundation of China (Grant Nos. 11234013 and 51172274) and the National High Technology Research and

Development Program of China (Grant No. 2015AA034201).
fCorresponding author. E-mail: rjxiao@iphy.ac.cn
© 2016 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

018208-1


http://dx.doi.org/10.1088/1674-1056/25/1/018208
mailto:rjxiao@iphy.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 25, No. 1 (2016) 018208

DFT calculations.?*! Curtarolo et al. designed a series of cal-
culation procedures that can realize high-throughput calcula-
tions and finish the calculations of thermodynamic properties
of more than 650 binary alloys and the calculations of elec-
tronic structures of 13000 inorganic structures in order to find
radiation detection materials.!!! Steyawan et al. studied the
electronic structure of 7439 compounds by means of high-
throughput calculations. ! Yang er al. found 28 topological
insulators via high-throughput calculations.*®! Ceder’s group
use this method to discover battery materials.?’-?8] Besides
the quantum mechanics-based methods, geometry-based high-
throughput analysis has also been developed. Willems et al.
proposed algorithms and tools to identify suitable crystalline

[29

porous materials.!?’! High-throughput bond-valence calcula-

tions were adopted by Gao et al. to screen ionic conductors
for solid electrolyte materials. 3"

The rapid development of high-throughput theoretical
methods creates new modes for materials discovery, which
make possible fast, computationally-derived materials design,

screening and optimization .

2. Development of high-throughput calculation
methods

The recently developed high-throughput calculation
methods are bases for new-materials discovery schemes. Al-
though different calculations are needed for different types
of materials, most high-throughput projects adopt DFT-based
methods, since the quantum mechanical modeling provides
perhaps the most accurate description of the energy and elec-
tronic structures. The keys to perform the high-throughput
calculations are a series of automated flows for simulations
of wide ranges of structures. The functions of the auto-
matic simulation flows include structure selection, input gen-
eration, property simulation, output storage, data analysis, and
database expansion, which together allow the tasks to be done
automatically with minimal human intervention.3!! The over-
all relationship of the above steps is shown in Fig. 1. In struc-
ture selection, the compounds in a crystal structure database
are selected as candidates for calculations. The primary role
of scripts for inputs or data generation is to initiate the cal-
culations, including creating the derived structures, generating
input files and specifying the necessary parameters. The er-
rors during the calculations also need to be detected and the
messages should be returned automatically. Output storage
and data analysis are post-processing steps from which new
knowledge comes; valuable results will be introduced to en-
rich the original database. More details about how to realize
the automatic simulation flows are carefully discussed by Jain
et al. in Ref. [32]. To obtain band structures by the high-
throughput approach, Setyawan et al. standardized the unit
cell and the high symmetry k-path in Brillouin zones for the

14 Bravais lattices.'¢! Thus, high-throughput electronic struc-
ture analysis was realized. To bridge the gap from atomistic
scale to macromolecular systems, efforts to innovate expedit-
ing methods on graphics processing units are even made in
computational biology to realize the high-throughput all-atom

molecular dynamics simulations. 33!

Original
database
Data ‘I‘rﬂ“g‘u i

Output
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Fig. 1. Data flow diagram in high-throughput computational materials
design.

Several groups have developed software to realize the
automatic simulation flows for high-throughput calculations.
Dolinsky et al. designed the PDB2PQR platform to facilitate
the setup and execution of high-throughput continuum elec-
trostatic calculations for biomolecular structures.** COSMO
frag is a tool designed by Hornig ef al. to evaluate the absorp-
tion, distribution, metabolism, and elimination parameters of
drug candidates, and the pharmacokinetics are the main prop-
erties focused on.*> Pronk et al. created a high-throughput
simulation toolkit for biomolecules, named GROMACS, to
carry out calculations supporting solvent models in paral-
lel mode.3®] PYMATGEN is an open-source Python library
for high-throughput materials analysis developed by Ceder’s
group.®?! Jain e al. distribute another free code package,
FIREWORKS, for defining, managing, and executing scien-
tific computing workflows to perform high-throughput calcu-
lations at large computing centers.[*”] Curtarolo et al. cre-
ated a high-throughput framework AFLOWLIB to perform
calculations for alloys.!!! These software packages are pro-
grammed for various types of materials screening. Most of
them are integrated with simulation codes based on the den-
sity functional theory, and the main differences among them
are the post-processing and analysis of the electronic structure
data, since the properties of interest for each type of material
differ widely. Thus, the specific quantities and criteria used
for screening also differ. Besides the development of meth-
ods and software, efforts are also made to design more appro-
priate potentials for high-quality high-throughput calculations.
For example, a comprehensive set of software and a transfer-
able pseudopotential library has been optimized by Garrity et
al. for high-throughput DFT calculations, and the accuracy
has been validated for a variety of chemical environments, 38!
which ensures the reliability of pseudopotential-based high-
throughput DFT calculations in a wide range of materials. The
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rapid progress in both techniques and sciences makes the high-
throughput theoretical design possible to apply in almost all

material areas, including lithium battery materials.[27-28]

3. Calculation methods for lithium battery ma-
terials

For the rational design of lithium battery materials, the
set of candidate materials that can be screened or optimized
at any given time is limited primarily by the range of proper-
ties that can be evaluated by the “ready” theoretical methods.
The three fundamental components of lithium batteries are the
positive electrode, the negative electrode and the electrolyte.
For electrode materials, the capacity, insertion voltage, elec-
trical conductivity, lithium diffusion coefficient, and volume
variation during charge and discharge are the main properties
of interest. For electrolyte materials, ionic conductivity, elec-
trochemical window, structural stability and chemical stability
between the electrode and the electrolyte are the most impor-
tant factors. A variety of calculation methods with different
bases and accuracies, such as thermodynamics, bond-valence,
first principles calculation, molecular dynamics, Monte Carlo
simulations, etc., can be used to calculate the properties men-
tioned above. Figure 2 illustrates the properties of battery
materials that can be calculated today and the correspond-
ing methods used for the simulations. Since we mainly focus
on the intrinsic properties of materials, the methods listed in
Fig. 2 are mostly microscale simulation methods at atomic or
molecular level. To evaluate the overall performance of the
battery, macroscale simulations are needed to describe all the
components of the battery as an entirety, a need which may
soon promote a new field of high-throughput battery system
design, beyond the scope of materials screening and optimiza-
tion.
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thermodynamic data
- insertion voltage «l:
DFT energy calculations
& electronic conductivity g DFT electronic structure calculations
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Fig. 2. The properties (middle column) of electrode and electrolyte ma-
terials that can be calculated and the methods (right column) used to
simulate them.

For electrode materials in lithium batteries, the theoret-
ical capacity is closely associated with the numbers of elec-
trons and lithium ions that can be transferred in the electrode.
For a certain electrode material, the capacity can be calculated
by[39!

. nk
Capacity =36l (mAh/g), (D

where n is the number of electrons that can be transferred per
mole and M is molar mass (g/mol); F is the Faraday constant.
Accordingly, the theoretical capacity of a candidate electrode
material can be evaluated through the chemical composition
and the variable valence states in this compound.

The average intercalation potential of electrode materials
is closely associated with the Gibbs free energy of the elec-
trode reaction, so the average intercalation voltage can be cal-
culated as

A,G®

E= -l @)

where E is the thermodynamic equilibrium potential of the
electrode reaction. Gibbs free energy A.G®, can be acquired
from the thermodynamic data tables based on experimental
measurements. Other than through thermodynamic data, the
Gibbs free energy of the electrode reaction can also be ob-
tained by DFT energy calculations. 4"

The precise and quantitative calculation of electrical con-
ductivity is not an easy task. The compromising way is to
make a qualitative estimate according to the electronic struc-
ture obtained from DFT calculations. The volume change of
the electrode materials during charge and discharge cycles can
be obtained with reference to the relaxed cell volume by using
DFT calculations for structures with different lithium concen-
trations.

Structural stability and chemical stability are properties
necessarily considered for both electrode and electrolyte ma-
terials. For stabilities, thermodynamic data can be used for
preliminary estimation of the tendency toward presumed re-
actions, e.g., phase transition, decomposition, the reaction be-
tween electrode and electrolyte, etc. Accurate energy calcu-
lations based on quantum mechanical modeling can provide
a theoretical prediction of stability, from the thermodynamic
point of view.

Ionic transport is one of the most important factors that
greatly affect battery performance. In solid or liquid, lithium
ions can be transferred by jumping to vacant or interstitial
sites, forming the macro transport. During diffusion, the mi-
grating lithium ion is hindered by a crystal field formed by
other ions, and the effect of this hindrance is evaluated by
the activation energy. The approaches to understanding ionic
migration in solids start with geometric analysis of the net
channels in a specific crystalline structure using the model

of excluded volume and Voronoi-Dirichlet partitioning.[4!:4]
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To consider the interactions among atoms, bond-valence and
force-based bond-valence theory are introduced to find sites
accessible by mobile ions and roughly estimate the activa-
tion energies.*>**1 More reliable calculations of energy bar-
riers can be obtained from the transition-state method, like the
nudged elastic band (NEB) method, or the molecular dynam-
ics method based on density functional theory (DFT).[#7]
Monto Carlo simulations can provide information on ionic
conductivities, even for phases with inhomogeneous lithium
distribution.

For electrolytes, the electrochemical window is another
important screening criterion besides the ionic conductiv-
ity. The electrochemical window represents the voltage range
within which the electrolyte is stable, and it is believed that
the width of the window is closely related with the band gap
of the electrolyte, [48] which can be obtained by DFT electronic
structure calculations.

Among the methods mentioned above, the estimation
based on thermodynamic data relies on the experimental re-
sults of existing materials, which pose certain limitations for
the discovery of new materials. The methods based on geo-
metric analysis or empirical potential energy function are fast
techniques, although with limited accuracy. The calculations
based on DFT provide perhaps the most accurate description
of structures, energies and electronic structures but suffer from
high computation cost, which limits their efficiency. Because
of the distinctive features of each type of method, combina-
tions of the above approaches at different stages may be a
more practical scheme for discovering lithium battery mate-
rials. The common feature for these methods is that the input
data of the calculations depend only on crystalline structure
or bonding information, which provides possibilities of auto-
matically generating initial data for simulations. Thus, high-
throughput calculations based on the above methods can be
realized for lithium battery materials.

4. High-throughput theoretical design of lithium
battery materials

By using the calculation methods for lithium battery ma-
terials described in the last section, the theoretical design
scheme for new electrodes and electrolytes can start from ra-
tional high-throughput screening. The screening criteria and
procedures are presented in Ref. [49] and illustrated here as
Fig. 3. According to the application requirements, we first
screen the materials based on their chemical compositions.
Only the compounds without radioactivity, toxicity or noble
metal elements are considered, to ensure the environment-
friendliness and low cost of the final products. The struc-
tures including multivalent elements are considered as elec-
trode materials, while those without multivalent elements are
taken as electrolyte candidates. For electrodes, the theoretical
capacity estimated from the composition and valence state is

used as the first criteria. If the theoretical capacity is larger
than 140 mAh/g, which is the practical capacity of the com-
mercial cathode, LiCoO,. Then the average voltage, volume
change during charge and discharge, and the stabilities of the
material are taken as selection conditions, one by one. For
electrolytes, electrical insulation is the basic requirement and
the wide band gap is related with the high decomposition volt-
age. Next is another important prerequisite of electrolytes:
ionic conductivity. Thus, the compounds with a low lithium
migration energy barrier are considered. Correction of kinetic
parameters can further improve the precision of the calculation
results. Efforts to discover new lithium battery materials using
high-throughput theoretical methods are currently underway
worldwide. At present, typical work includes the screening
and design of high-capacity cathodes, low-strain cathodes, an-
odes, solid state electrolytes, and electrolyte additives.

choose the crystal structure from ICSD database

\ 4

theoretical capacity > 140 mAh/g?

correction of the kinectic parameters

|

—' produce and test the material |

!

l application of Materials |

Fig. 3. Procedures of screening electrode materials and solid elec-
trolytes using high-throughput calculation method. [*"!

4.1. High-throughput theoretical design of high-capacity
cathode materials

Before performing time-consuming ab initio calculations,
a preliminary screening based on the high-throughput ther-
modynamic calculations is truly necessary. According to
Egs. (1) and (2), Zu and Li calculated the energy density of
1172 electrode reactions from the standard Gibbs free energy

B39 Some

and density data of potential electrode materials.
of the calculation results are shown in Fig. 4, from which

it can be found that energy density is higher when both 1)
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the reactant shows lower formation energy and 2) the prod-
uct shows higher formation energy. Among all the systems
that they calculated, lithium/fluorine shows the highest en-
ergy density of 6294 Wh/kg, and lithium/oxygen also shows
high energy density, which is 5217 Wh/kg. They also cal-
culated the thermodynamic equilibrium voltage of conversion
reactions that contain lithium. The calculation results are
in Fig. 5, which indicates that when equal electrons trans-
fer in the conversion reaction of lithium and binary transition
metal oxide, the thermodynamic equilibrium voltage follows
fluoride>oxide>sulfide >nitride>phosphide. Be-
yond this, electrode materials that have higher oxidation states

the rule:

generally show higher thermodynamics equilibrium voltage,
and this finding can be useful in designing electrode materials.

7000

lithium batteries

Calculated energy density/Wh-kg=!

\40\ ?o\‘.%\:j\‘\ 0:;9 K3
Fig. 4. Calculated energy densities of different lithium battery systems
according to the Nernst equation. 3!
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In the research of lithium battery materials, Ceder’s re-
search group was first to launch high-throughput ab initio
calculations to discover high-capacity cathodes.?”?8] They
carry out the high-throughput ab initio analysis for both

sI?71 and polyanions.!?®! In these studies, substi-

phosphate
tution for host elements in the original structure is the main
approach to creating new structures from the crystal database.
The calculations involve the capacity, voltage, specific energy,
energy density and thermal stability of potential materials and

extend to thousands of compounds. For phosphates, three

categories are considered in the calculations, including or-
thophosphates with an O/P ratio of 4, oxyphosphates with an
O/P ratio larger than 4, and condensed phosphates with an O/P
ratio between 2.5 and 5.1”) The thermodynamic stability of
phosphates is analyzed at zero K and zero pressure according
to the DFT energy calculations, and the capacity limits for
three types of phosphates are given. In Fig. 6, the calculated
mean voltage for each couple with respect to the best achiev-
able capacity is plotted. Only those with specific energy larger
than 600 Wh/kg and voltage below the decomposition value
of the electrolyte are considered as new candidate cathode ma-
terials. Besides phosphates, they also investigated a series of
mixed polyanion compounds of formular A,M (Y O3)(XO4) (A
=Na, Li; X =Si, As, P; Y =C, B; M =redox active metal; x =0

Voltage/V

Capacity/mAh-g—!

Fig. 6. Mean voltage in phosphates versus maximum gravimetric ca-
pacity achievable obtained by high-throughput DFT calculations. The
upper voltage considered to be a threshold safe against decomposition
of the electrolyte is indicated by the red dashed line.!*7]
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Fig. 7. Energy relative to the thermodynamic hull and oxygen chemical
potential for fully delithiated tavorite-structured cathode materials by
high-throughput DFT calculations.>"!
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to 3) based on sidorenkite crystallography.!?®! Through high-
throughput calculations, they constructed 270 structures and
constituents, and identified some potential cathode materials
like Li3Mn(CO3)(PO4), LizV(CO3)(PO4), Li3V(CO3)(SiO4),
which show potential high capacity and specific energy.

The mineral tavorite is another type of structure interest-
ing Ceder’s group. Mueller et al. calculated average voltages
of insertion of one and two lithium ions per redox-active metal
and evaluated the stability of each candidate against a database
of nearly 100000 compounds.>’! Figure 7 shows the calcu-
lated thermodynamic stability of these tavorite-structured ma-
terials according to the oxygen release tendency, which pro-
vides another descriptor besides the capacity for cathode ma-
terials. The activation energies for lithium diffusion in several
typical tavorite cathodes are also reported in Ref. [50], and the
capability for high rates of one-dimensional lithium diffusion
is predicted for this type of structure.

4.2. High-throughput theoretical design of low-strain
cathode materials

Besides high capacity, long life is another important tar-
get for lithium battery design. However, a simple physical
description of the cycle life of lithium batteries is still not easy
to grasp because the degradation rate during charge/discharge
cycles is influenced by many factors. It is already widely ac-
cepted that cycle life is related to the volume change of the
electrode during lithiation and delithiation, because too much
volume variation induces stress inside the electrodes and mi-
crocracks may form, weakening performance. To accelerate
the discovery of cathodes with longer cycle life, Nishijima et
al. take the relative volume change of a compound between
fully lithiated and delithiated conditions as a criterion to screen
materials with LiFePOy structure.®!l Substituting solute ele-
ments on the different cation sites of the LiFePOy4 structure,
high-throughput DFT simulations with around 2000 calcula-
tions are carried out in a wide chemical composition space.
Both the relative volume change and the planar mismatch of
(100) planes between the lithiation and delithiation phases are
obtained from the calculations. According to the theoretical
screening results, Nishijima ef al. synthesized targeted mate-
rials Li(Fe|_,Zr,)(P1_2,Siz,)O4 and test their performance in
a full cell configuration. A prolonged cycle life was confirmed
by experimental measurements, and the estimated life is up
to 25000 cycles for 70% capacity retention at x = 0.050.51
The combination of high-throughput DFT calculations and tar-
geted experimental synthesis and tests demonstrate the effec-
tiveness of high-throughput theoretical design of cathode ma-

terials.

4.3. High-throughput theoretical design of anode materi-
als

Compared to the diversity of cathode materials, the range
of candidate anode materials is much narrower. Graphitic
carbon based materials are the dominant anodes for the cur-
rent generation of commercial lithium-ion batteries.5?! How-
ever, to pursue more compact, long-lasting batteries, finding
new anode materials with better performance is necessary.
Kirklin et al. proposed to search for new candidates in the
class of alloying-reaction anodes, including silicon, phospho-
rus and tin.53! By performing high-throughput DFT calcula-
tions on 515 thermodynamically stable lithiation reactions, the
cell potential, volume expansion and capacity for all transition
metal silicides, phosphides and stannides found in the ICSD
database are evaluated. Figure 8 illustrates the calculation re-
sults of gravimetric and volumetric capacities for every tran-
sition metal-stannide, -silicide and -phosphide lithiation reac-
tion sequence. The stannides show much lower gravimetric
capacities than silicides and phosphides, and they have much-
superior volumetric capacity.!>3! Combining such results with
other search criteria, such as volume variation during lithia-
tion, several promising anodes, e.g., CoSi, TiP and NiSiy,
were identified, and it can be expected that the effects of vol-
ume expansion on cycle ability can be effectively ameliorated
in the compounds composed by an active element together

with an inactive element. 53!

6000 ———————— ——

4000

2000
» phosphides
= silicides

= stannides

Volumetic capacity /mAh-A—1

0 1 1 1 i 1 1 1
0 1000 2000 3000 4000
Gravimetric capacity/mAh-g—!

Fig. 8. High-throughput DFT calculated gravimetric and volumetric ca-
pacities for all transition metal-stannide, -phosphide and -silicide lithi-
ation reactions. %31

4.4. High-throughput theoretical design of solid state elec-
trolytes

In order to solve the safety issue of lithium batteries,
development of solid state electrolytes has become very ur-
gent. Solid state electrolytes have at least three advan-
First, the safety of

the battery is expected to be better because of the stability

tages over today’s liquid electrolytes.
and non-flammability of inorganic solid electrolytes. Sec-
ond, the energy density of the battery may be greater be-
Third, the
choice of cathode material will be more flexible, because

cause of the higher voltage that is possible.
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the lithium content will not be a requirement since lithium
One of the chal-
lenges in developing solid state lithium batteries is to dis-

metal is potentially used as an anode.

cover solid state electrolyte materials with good ionic conduc-
tivity. Some inorganic electrolytes have already been devel-
oped, including NASICON-type (LiZry(POy4)3), LISICON-
type (Li4ZnO3-LisGeOy), garnet-type (Li;LazZr,01,), and
perovskites (LigsLag sTiO3).

Japan developed a new electrolyte material, Li;¢GeP,S1,, with
[54]

Recently, researchers from

ionic conductivity up to 12 mS/cm at room temperature,
a value near to the order of magnitude in liquid electrolytes.
Although these materials show relatively high ionic conduc-
tivities, the practical application of them in all-solid-state
lithium batteries is hindered by other shortcomings such as the
small electrochemical window, unstable interfacial stability
with electrode materials, etc. To select candidate electrolyte
materials from a wide range of compounds, high ionic con-
ductivity is the most important requirement. However, bas-
ing precise simulations of lithium migration energy barriers
and lithium-ionic conductivity on DFT+NEB or molecular dy-
namics is computationally expensive, limiting the efficiency
of simulations. One alternative is to screen candidates by a
less accurate but faster method before undertaking detailed
studies with DFT methods. The bond-valence method or the
bond-valence based force-field method would be very suitable

[55

for the initial screening.[>> By linking the bond-valence mis-

match to the absolute energy scale, using a general Morse-

type interaction potential, both the ion migration paths and
energy barriers can be extracted from the energy landscape
simulated by this energy-scaled bond-valence method. 3! Gao
et al. carried out a high-throughput bond-valence calculation
on more than 1000 structures from the ICSD database, and
obtained the lithium conduction pathways for them.[3"! The
high-throughput bond-valence based force-field method can
provide further information on lithium migration energy bar-
riers. Figure 9 is part of the results from high-throughput cal-
culations based on the force-based bond-valence method. %!
Thus, the selection of a few solid state electrolytes from more
than 1000 compounds according to the lithium migration en-
ergy barrier is performed, and information is acquired for fur-
ther screening with the more accurate DFT method.

(a) Li,CO,, E,=0.60 eV (b) Li3B;04,, E,=1.42 eV (¢) LigGe,07, E,=0.90 eV

(d) y-LiAIO,, E,=0.85 eV (e) a-LIAIO,, E,=1.89 eV (f) LIAISIO,, E,=0.38 eV  (g) LiF, E,=1.07 eV

Fig. 9. The pathways and energy barriers of Li™ migration for seven com-
pounds calculated by the bond-valence based force-field method. *°!
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Fig. 10. Predicted ionic conductivities at 373 K for 72 compositions of the LISICONs Lig_.A,B,Oy4 system.!>]

The preliminary screening can be completed for solid
state electrolytes by the bond-valence method, but more ac-
curate calculations based on DFT methods are necessary to
perform a more detailed screening and optimization on the se-
lected structures. Fujimura ef al. carried out systematic sets of
first-principles molecular dynamics simulations on LISICON-
type electrolytes to optimize the ionic conductivities in this
structure. 7] They performed an extensive set of calculations
on the Lig_.A;B;04 system with A = Zn, Mg, Al, Ga, P, or
As, and B = Si or Ge. By fitting the Arrhenius plots of cal-

culated Li-ion diffusion coefficients, the activation energies
are obtained for each composition. Besides simulating ki-
netic behavior, they also predicted the conductivity of each
composition at low temperature (373 K) through a machine-
learning technique by the combination of theoretical and ex-
perimental datasets. Figure 10 shows the theoretically pre-
dicted ionic conductivities at 373 K for 72 compositions in
the Lig_.A;B;O4 system by iterative analysis of calculated
datasets and experimental datasets. Several compounds with
higher ionic conductivities than traditional LISICONs were
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identified through this accelerated design scheme, and this
method can, in principle, be extended to systems with more
complex chemistries and structures.>”!

4.5. High-throughput theoretical design of electrolyte ad-
ditives
The liquid electrolytes currently used in lithium-ion bat-
teries often consist of one or more lithium salts dissolved in
an aprotic solvent and at least one additive, which may serve

[58] Unlike electrode materials

to enhance electrode stability.
consisting mostly of inorganic crystals, the additives mainly
include organic carbonates and their derivatives. To discover
electrolyte additives for lithium-ion batteries, Halls and Tasaki
created an additive library of 7381 structures, containing high-
throughput quantum chemistry calculations of the optimized
geometries, HOMO and LUMO energies, vertical ionization
potentials, electron affinities and chemical hardness of these
structures.’® The structures are virtually produced based on
ethylene carbonate, and the calculations are carried out using
the PM3 semi-empirical method. This additives library is an
effective tool to accelerate the screening and optimization of
electrolyte additives through the whole chemical design space.

5. Summary and outlook

High-throughput theoretical design plays an important
role in the discovery of new materials, and it can be expected
to be increasingly effective in looking for and designing new
lithium battery materials in the future. Based on the struc-
tures in the ICSD database and their derivatives, promising
candidates for the next generation of electrodes and solid state
electrolytes can be identified by choosing reasonable search
criteria. The possible existence of new structures and their
properties can be predicted in a high-throughput way. Thus,
the process from the discovery of a material to its application
can be shortened, and the development of new battery mate-
rials, even new battery systems, can be supported. Moreover,
tons of data will be created during these high-throughput cal-
culations, providing rich resources for systematically mining
and analyzing the relationship between structure and proper-
ties. The structure—properties relationship will further guide
us in optimizing and designing materials with better perfor-
mance. In the near future, high-throughput theoretical simu-
lations combined with high-throughput experiments are likely
to be applied more and more in the discovery of new lithium
battery materials.
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