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TOPICAL REVIEW — Physics research in materials genome
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This paper reviews the rapid progress in the field of high-throughput modeling based on the Materials Genome Initia-
tive, and its application in the discovery and design of lithium battery materials. It offers examples of screening, optimiza-
tion and design of electrodes, electrolytes, coatings, additives, efc. and the possibility of introducing the machine learning
method into material design. The application of the material genome method in the development of lithium battery materials
provides the possibility to speed up the upgrading of new candidates in the discovery of lots of functional materials.
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1. Introduction

Recently, global warming caused by CO, emission is a
serious issue in the world. The development of electric vehi-
cles and renewable energy to reduce CO; emission is a pri-
ority task. Rechargeable batteries with higher energy den-
sity, longer cycle life and better safety are badly needed.!!)
Lithium batteries are the key to the success of portable elec-
tronic products and electrical vehicles, and are the best choice
for the energy storage devices of wind and solar power be-
cause of their high voltage, high specific energy density, rapid
recharge capability and wide working temperature range.”!
The development of new materials is of major technologi-
cal importance for lithium battery application. For example,
the discovery of the layered-cathode LiCoO, and graphite an-
ode realized the first lithium ion battery prototype;! the nano
silicon-based anode has been demonstrated as an alternative
with high reversible capacity of 380 mAh/g—2000 mAh/g;!¥!
the disclosure of LiFePO4 provided the cathode with high ther-
mal stability.[>! The indisputable fact is that the discovery of
advanced materials and rational design play a key role in the
field of lithium battery research. In the field of lithium bat-
teries, the next goal is to develop all solid lithium secondary
batteries.!®! By replacing the liquid combustible organic elec-
trolytes traditionally used in lithium ion batteries, the inor-
ganic solid electrolytes are expected to reduce the risks of
leakage, vaporization and decomposition, and exhibit higher
safety.!”8] However, the lithium ion conductivity in solids is
usually at least one order of magnitude lower than that in the
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liquid state, limiting the battery performance. Thus, the dis-
covery and design of solid-state electrolytes with high ionic
conductivity are of great importance to develop the next gener-
ation of lithium batteries. In addition, the requirement of high
energy density is expected to be realized by finding electrodes
with high voltage or high capacity.l”l Meanwhile, the solid—
solid interface constituted by the electrode and the electrolyte
in the solid-state battery needs to be designed with high ther-
modynamic, mechanical and electrochemical stabilities. [10]
To accelerate the pace of material discovery, a strat-
egy named high-throughput (HT) combinatorial screening has
been developed to search for new materials or to improve the
properties of materials already in use.l'') The HT research
method originates from the idea of the Material Genome Ini-
tiative and is promoted by the rapid progress of automation
technology and computer technology in recent years. Differ-
ent from the traditional method in which the creation, mea-
surement and simulation of the samples are performed one
by one, the HT methods synthesize and characterize new
materials through thousands of samples in parallel, greatly
speeding up the identification of valuable materials.['?] The
HT techniques are also successfully applied in the discov-
ery and design of new battery materials. Using a combi-
natorial and HT sputtering system, MacEachern er al. ob-
served a new Fe—Zn alloy anode from thin film libraries of
a Fe,Zn_, system;!!3] by combining combinatory magnetron
sputtering and HT structural determination, Borhani-Haghighi
et al. identified compositions showing a layered structure in
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the Li,(NiyMn,Co,)O, cathode library;!'¥l Beal ez al. used an
HT physical vapor deposition technique to optimize the ionic
conductivity for solid-state electrolyte LizcLaj 3, TiO3 across
a wide range of parameter space.!!>! Simultaneously, the HT
synthesis and measurement approaches, including the robot-
type instruments producing large numbers of non-aqueous
electrolyte mixtures,'®! the HT solid-state nuclear magnetic

171 and

(18]

resonance probe for investigation of ionic conductivity
the HT in situ pressure analysis for degradation processes
are also proposed for lithium battery studies.

The HT experimental investigation is showing great su-
periority in screening and optimizing within a specific compo-
sition space; nevertheless, the vastness of the combination of
constituent elements and crystalline structures still challenges
the discovery and design of the targeted materials in the un-
known composition space. The HT simulation approach pro-
vides the opportunity to look through the wide range of struc-
tures and components for existing or virtual materials, and
predict the intrinsic physical or chemical properties for each
sample in advance. With the screening criteria determined by

the application requirements, the candidates with the targeted
performance can be selected and further optimized through
HT experiments. The mutual promotion of HT simulations
and experiments as shown in Fig. 1 is expected to acceler-
ate the discovery of candidate compounds in the future and
shorten the invested time and money not only for lithium bat-
teries, but also for other new types of functional materials. ']
In addition, data mining and machine learning are introduced
to benefit the understanding of the big data obtained from
HT techniques, which provides chances to further explore the
structure—property relationship of battery materials and under-
stand the basic scientific questions regarding lithium batter-
ies. This novel research method combining HT techniques,
data science and artificial intelligence is known as the mate-
rial genome approach and is expected to shorten the discov-
ery and optimization process of new materials with high ef-
ficiency. This paper will present several HT simulation tools
available for the discovery and design of new materials and
provide examples of how candidate materials are uncovered

for lithium batteries based on the material genome approach.
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Fig. 1. (color online) The development mode of new material design in lithium batteries by means of HT techniques and data science.!'"]

2. HT simulation tools for battery materials research

The key to realizing the HT simulations is to develop automatic computation flows which allow the tasks of structure se-

lection, input generation, property simulation, output storage, data analysis and data expansion to be carried out automatically

with minimal human intervention.?”! Several groups, as listed in Table 1, have established software to perform the automatic

computational flows for HT simulations. The corresponding databases generated by these HT simulations are also provided.

Some representatives include the Pymatgen and Fireworks packages/>'??! and the Materials Project,!?*! the Automatic-Flow
for Materials Discovery (AFLOW),?*>] the Open Quantum Materials Database (OQMD),[?°! the Automated Interactive In-
frastructure and Database for Computational Science (AiiDA),?”! the Novel Materials Discovery (NOMAD) Laboratory, [23-2]
the Computational Electronic Structure Database (CompES-X),?% and the integrated HT computational platform MatCloud.3!!
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Besides the frameworks created to perform the general processes of density functional theory (DFT) calculations, some pro-

grams designed for particular tasks also appear, e.g., the material project-based python tool for the screening of interfacial

systems (MPInterfaces), *? the package for screening fast ion conductors based on the combination of simulation methods with

difference accuracy (HT-iontrans)!*3! and the database collecting the bond-valence-evaluated ion migration barriers for battery

materials. 34

Table 1. Several HT simulation tools and the established databases.

Developer Toolkit Database

Ceder group (USA) Pymatgen, Fireworks!?!2%] Materials Project 23]
Curtarolo group (USA) Automatic-FLOW 241 Aflowlib.org[?3!
Wolverton group (USA) qmpy 20! OQMD ¢!

Marzari group (Switzerland) AiiDA?7] AiiDA

Scheffler group (Europe) NOMAD28I NOMAD repository?’]
Xu group (Japan) CompES CompES-X 3!

Yang group (China) MatCloud platform!3']

Hennig group (Europe) MPInterfaces3?!

Chen group (China) HT-iontrans 33! Battery Materials DB (3]

The HT simulation tools mentioned above show some
similarities. All the frameworks have the functions of pre-
processing the structural models and input parameters, sub-
mitting and running the simulation tasks, data storage of the
results and material candidate selection according to the data
analysis. The screening criteria are varied according to the ap-
plication requirements of the materials. For battery materials,
the capacity, voltage, energy density, electronic and ionic con-
ductivity and thermodynamic stability should be considered to

1351 For solid-state electrolytes, fast

select electrode materials.
ion conduction is an important prerequisite. Meanwhile the
electrochemical window, the chemical and mechanical stabil-
ity between electrode and electrolyte, and electron insulation
are also factors which must be considered.*®! Some proper-

37.38] can be

ties, such as voltage and thermodynamic stability!
relatively directly derived from the total energy calculations
by HT-DFT. However, some properties, especially those re-
lated to the kinetic process, are difficult to simulate in the HT
method. On one hand the computational cost is generally high
for kinetic properties since the configuration or composition
changes during the process; on the other hand the kinetic pro-
cess is always complex and different among various structures
making it hard to create a standard flow for all situations. One
of the typical cases is the simulation of the ion diffusion prop-
erties. The most critical step in lithium batteries is the trans-
port of lithium ions which intimately relates to the battery per-
formance. The HT simulation tools on diffusion properties are
only developed for face-centered cubic and hexagonal close-
packed structures'*®! and in the dilute vacancy mechanism. [4°]
To discover new solid-state electrolytes for next-generation
lithium batteries, two kinds of ideas are proposed to solve this
problem in different directions. One is to establish a holistic

screening approach using high structural and chemical stabil-

ity, low electronic conductivity and low cost to eliminate more
than 90% of candidate materials, then a data-driven ionic con-
ductivity model is adopted to classify the candidates into those
with high and low likelihood of being superionic conductors
based on existing experimental measurements'*!! The screen-
ing flow is designed to use more constraints to cut down the
number of candidates and avoid direct simulation on diffusion
properties, but the pre-elimination reduces a lot of metastable
structures which may be applied in reality. The other idea
insists on evaluating targeted properties as screening criteria,
but using the combination of calculation methods in different
accuracy and screen step by step from low to high calcula-
tion accuracy.!*? Specifically, the fast bond-valence technique
with lower precision is adopted for HT pre-screening and is
able to provide the trend in the ability of ion motion in a wide
range of compounds, then the time-consuming but accurate
DFT method is used to do more precise transition state sim-
ulations only for those promising candidates assigned in the
pre-screening process. Based on the idea of the combination
of different precision calculation methods in the HT method,
several new solid-state materials have been discovered. >3]
All the HT simulation tools discussed here show great poten-
tial in the discovery and design of new lithium battery materi-
als, and in the next section examples of the application of the
above methods will be presented.

3. Application of HT modeling for the discovery
of lithium battery materials

The fundamental material types applied in lithium bat-
teries include the electrode, the electrolyte, the additive, the
coating, efc. Each of them plays a distinctive role in the battery
system and thus needs to meet different property requirements.
We will describe a few examples in the following to show how
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the HT modeling methods are of benefit to the discovery and
design of various types of battery materials.

3.1. Electrodes

The exploration of new electrodes aims to find posi-
tive or negative electrodes with suitable operation voltages,
capacity, and high thermodynamic and electrochemical sta-
bilities to increase the energy density and safety of lithium
batteries. Li-rich cathodes, composed of Li,MnO3-LiMO;
(M = Mn/Ni/Co) compounds, yield a capacity exceeding
220 mAh/g but fast fading of the cell voltage during the
cycling because of the transition metal migration and oxy-
gen loss caused by the anionic redox processes.!**] Kim
et al. performed HT-DFT simulations to optimize single- and
mixed-metal LipMO3 and LipMjO3-LioMO3 compounds in
Li-rich cathodes.[*®! The screening is carried out according to
the formation energy, thermodynamic stability, cell voltage,
oxygen vacancy formation energy, metal migration tendency
and mixing energy of the active/stabilizer element pair Mj—
M. The top 30M1—Myj; active/stabilizer pairs are identified by
the HT design strategy as shown in Fig. 2, and some new cath-
odes, such as LisIrSnOg, are disclosed.[ %
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Fig. 2. (color online) Voltage versus capacity chart of the top 30 cathode
pair candidates, ranked by gravimetric energy density among all calculated
active/inactive Li, M{O3-Li;M1O3 cathode pairs.m]

Besides the high energy density, a mechanical stable in-
terface between the electrode and the solid-state electrolyte is
also required in batteries since it is closely related to the cy-
clability and safety. To stabilize the solid/solid interface, the
volume change of the electrode during lithium intercalation
and deintercalation should be small enough. The electrodes
showing negligible volume change are called low-strain elec-
trodes. Nishijima et al. and Hajiyani et al. carried out HT-DFT
screening of binary solid solutions in LiFePOy cathodes. [4748]
As shown in Fig. 3, through screening the effects of the doping
pair on volume change during intercalation, the intercalation
voltage, the energy density and the thermal stability with re-
spect to the reaction with oxygen, the candidate solutions with
low-strain properties are selected for the olivine phosphates.

o Oi
oev

Fig. 3. (color online) Theoretical results of co-substituted LiFePQy.[*7)

BEEAE

+0.26 eV +0.50 eV +0.65 eV +0.83eV +1.28eV

The screening of anode materials is mainly carried out
in alloy systems based on the conversion reaction mechanism.
By screening the computational database based on gravimet-
ric capacity, volumetric capacity, cell potential and volume
expansion, several anodes, including CoSi,, TiP and NiSi;
are discovered.*”) The organic electrode materials can also
be screened by HT simulations. By correctly describing the
van der Waals interaction between organic molecules, the po-
tentials of organic electrodes can be predicted successfully.
Through highlighting the molecules with a relatively high po-
tential, high capacity and small band gap, the targeted organic
electrode candidates are proposed for experimenters.>° Be-
yond the lithium batteries, the electrodes for some new energy
conservation systems can also be screened by HT simulations,
for example, the discovery of high-capacity electrodes for Li—
0, cellsP!! and spinel electrodes designed for Mg+, Ca’*,
AIP* batteries. !

3.2. Solid-state electrolytes

Although investigations on fast lithium ion conductors
have been widely performed, it is still not easy to grasp a
comprehensive physical description for the ion migration phe-
nomenon. To screen the materials with superior ionic con-
ductivity, a scheme to combine the low-cost BV method and
the highly precise DFT calculations provides a realistic strat-
egy to screen solid-state electrolytes step by step.[*?] One
example is the optimization of lithium thiophosphate elec-
trolytes, which have been regarded as promising candidates
for solid electrolytes because of their improved ionic con-
ductivities relative to their oxygen isologs.’*! However, the
lithium-containing sulfides are usually more sensitive to mois-
ture and are unstable in the air. HT simulations combing the
BV and DFT methods have been performed to optimize the
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B-Li3PSy electrolyte by studying P-site doping and S-doping
simultaneously.!*?! The investigation process is illustrated in
Fig. 4. According to the ion migration barriers obtained by
the HT-BV calculations, the doping of O at the S position and
the Zn—O co-doping schemes are selected as a promising way
to improve both the ionic conductivity and the thermal stabil-
ity in this system. Further DFT simulations with transition
state theory reveal that the stronger P-O bond and the more
space around it help to turn the 2D transport channels into
3D ones after doping as well as to activate the Li ions at 8d
sites, which finally improve the comprehensive properties of
the B-Li3PS, system.!3*! The experimental investigations have
demonstrated the effects of O-doping and Zn—O co-doping on
ionic conductivity and stability, > ensuring the success of the
discovery and design of new electrolytes through HT model-

ing.
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Fig. 4. (color online) (a) HT screening for the doping strategy of 3-LizPSy
by the combination of DFT and bond-valence calculations; (b) Calculated
Lit migration energy barriers for Sb-, Zn-, Al-, Ga-, Si-, Ge-, Sn-doped
P-site and O-doped S-site. [?!

The optimization doping scheme for the Li3PS4 elec-
trolyte system by mixing O and S at the same atomic site stim-
ulates researchers to look for new systems with mixed anions.
As we know, although the sulfides show relatively higher ion
conductivity, they are not easy to prepare and are unstable in
the air, while the oxide electrolytes are easy to prepare and sta-
ble in the air, but their ionic conductivities are much lower. To
integrate the advantages of sulfides and oxides, the HT crystal
structure prediction is carried out in the configuration space
of oxygen sulfides to explore new solid electrolytes.[*3] A new
solid-state electrolyte, LiAISO, is predicted as shown in Fig. 5.
It is in the structure of the Pmc21 space group and composed
of AlS;0; layers and Li ions between them. The transition
state calculations based on the DFT method shows that the mi-
gration of lithium ions in LiAlSO is assisted by the coherent

movement of the vacancy and interstitial ions with the energy
barrier lower than 50 meV. Further simulations on the elec-
tronic structures ensure the wide electrochemical window in
this system, ensuring that this compound can be a new promis-
ing solid electrolyte material.

(b) PATH I
0.05
0.0064 eV

0.04+ m :
% 0.03W ‘ m-
3
K 0.02f p. p!

0.01F+

0.00

ini_dumbbell end_dumbbell

Fig. 5. (color online) (a) New oxysulfide LiAISO designed by HT crystal
structure prediction calculations; (b) the lithium ion migration barriers sim-
ulated using DFT method. 43!

Ion diffusion is a complex process and the simulation of
migration barriers is time-consuming. However, data-driven
machine learning models may help to discover the relation-
ship between structures and properties, and aid in the discov-
ery of new solid-state electrolytes. HT modeling and machine
learning prediction are integrated in the study of LISICON-
type electrolytes, >3 which greatly accelerate the design pro-
cess in the huge compositional and structural phase space for
the Lis_AyBpO4 (¢ = ma + nb) system. Using HT first-
principles molecular dynamics simulations, two superionic
conductors, Li3Y(PS4), and LisPS4Cl, are predicted through
the screening of the Li—P-S ternary and Li-M-P-S quaternary
chemical spaces. %! The traditional liquid electrolyte can also
be designed or optimized in the HT modeling method. By
performing large-scale virtual HT screening, candidate elec-
trolyte solvents with high electrochemical stability have been

discovered.P7-9

3.3. Coating

In lithium batteries, the functional coatings on electrodes
play an important role in suppressing the battery degradation.
By preventing side-reactions and reducing transition metal

128801-5



Chin. Phys. B Vol. 27, No. 12 (2018) 128801

dissolution, it is hopeful that the proper selection of coat-
ing materials will prolong the cycle life of the batteries. 0]
The HT simulation flow for coating materials is introduced
in Ref. [60].
electrochemical stability, the properties connected with coat-

Besides the thermodynamic stability and the

ing functionality, e.g., physical barrier, HF barrier and HF
scavenger, are also considered in the simulations. The ma-
terial selection is a process with multi-objective optimiza-
tion with weighted-sum and rank aggregation. By screen-
ing more than 1.3 x 10° oxygen-bearing materials, physical
and hydrofluoric acid barrier coatings such as WO3, LiAlsOg
and ZrP,07, and hydrofluoric-acid scavengers, such as Sc, O3,
LigCaGeO4, LiBOz, Li3NbO4, Mg3(BO3)2, and LizMgSiO4
are discovered. %!

An attempt to select the coatings according to the lat-
tice match between the electrode and electrolyte is also car-
ried out. By screening more than 1000 kinds of lithium-
containing compounds, the bond-valence calculated lithium
ion migration barriers are sorted. The candidate ion conduc-
tors with crystal structures similar to the cathodes are selected
as coating materials because they are expected to form a uni-
form stress interface much easier. For example, both Li;SiO3
and Li,SnO3 show similar layered structures to the Li-rich
cathodes Li;MnOs3, and the Li™ migration pathways are also

[61

comparable as shown in Fig. 6.1°!] Experiments have been

conducted and confirmed the positive effects of Li;SiO3 and

LipSnOs3 as coatings for Li;MnO3 to improve the cyclablity
[62]

and capacity retention.

Fig. 6. (color online) The Li" migration pathways in (a) Li»SiO3 and (b)
Li,SnO; simulated by the bond-valence method. %!

3.4. Additives

The screening of additives is mainly performed among
organic molecules. Molecular properties like the highest oc-
cupied molecular orbital (HOMO), the lowest-unoccupied or-
bital (LUMO), the electron affinity and the chemical hardness
are adopted as screening criteria.[%! Han et al. computed the
HOMO and LUMO for 33 organic molecules and suggested

five promising additives which are helpful in forming the solid

e.1%1 Park et al. developed a search map

electrolyte interphas
for organic additive and solvent screening by combining a HT
quantum chemical simulation with an artificial neural network
algorithm.[%3 Using the search map, the relationship between
the redox potentials and functional groups is established as il-

lustrated in Fig. 7.

4

-1}

E.q (V versus Li/Lit)

-3}

-4

Eo (V versus Li/Lit)

Fig. 7. (color online) Schematic diagram of the distribution of effective
functional groups on the redox potential plane. Each functional group in-
fluencing redox potentials of organic molecules is positioned in the corre-
sponding effective range of oxidation and reduction potentials. (6]

3.5. Safety of batteries

Thermal safety and high voltage are both important fac-
tors during battery design. The high energy density and power
require the usage of high-voltage cathodes. However, the de-
sired high thermal safety is hard to achieve simultaneously. %!
Jain et al. used HT-DFT to evaluate the link between voltage
and safety for over 1400 cathode materials. The thermody-
namic O, release temperature is used to assess the safety of

the cathode.
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Fig. 8. (color online) Computed voltage versus computed decomposi-
tion temperature for 1409 cathodes investigated by HT computation. (%!
Figure 8 illustrates the voltage and safety data of differ-

ent polyanion groups and redox couples. A few compounds
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exhibiting both high voltage and high safety are screened
out, providing opportunities for designing safe, high-voltage
cathodes. (6!

4. Summary

The above examples of HT screening, optimization and
design of electrodes, electrolytes, coatings, additives, efc. il-
lustrate the feasibility of HT modeling in the development
of new battery materials. To meet the material challenges in
next-generation lithium batteries, advances in both science and
technology are urgent in the materials genome research field.
Designing automatic screening and predicting workflow with
sufficient accuracy and efficiency is essential. For each part of
the battery (the electrode, electrolyte, additive, collector, and
so on) it is normal to meet more than one requirement to ensure
the excellent performance of the whole device. Thus, screen-
ing and predicting tools for multiple objectives must be cre-
ated. Besides the above, data science and technology is also an
important research method in material design. It has been rec-
ognized that machine learning techniques and big data meth-
ods will play a more and more important role in solving the re-
lationships between material properties and complex physical
factors, which provides a tool to turn the data into knowledge
and guide us in the material design, and vice versa. However,
materials informatics is still an emerging field with difficul-
ties like the lack of data standards, the diversity of material
types, and even the conflict of research culture. In summary,
rational design of lithium battery materials is highly desired in
the near future. The advances in the development of HT tech-
niques and material informatics bring a more efficient study
mode and provide new opportunities to discover and design
new battery materials, which also deepens our understanding
of the basic scientific questions in battery fields and acceler-
ates the discovery of materials for other new types of energy

conservation device.
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