
Ok – Assume we fixed the compu3ng – 
Does it work? 

High‐throughput Materials Design: 
Alkaline baAeries 



O 

A  B 

AO 

AO2  BO2 

AB2O3 

ABO4 

ABO 

x in ABOx 

V ABO4+AO+AB2O3 

4 23 1 0

AO+AB2O3+ABO 

ABO+A+B Vcutoff 

MnO2 

Zn 

Finding higher energy density cathode 

MnO2+H2O+Zn ‐>MnOOH + ZnOH2           

SPECS:  
Higher energy density  
Both reactants and products stable in high molar KOH 



Needs to model reac3ons at pH = 15 

2MnO2+H2O+Zn ‐>2MnOOH + ZnO           
M. Pourbaix, “Atlas of Electrochemical Equilibria in 
Aqueous Solution”, Pergamon Press, Paris (1966). 

Our calcs  exp 

Alkaline cell reac@on 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Known  
compounds 

New  
compounds 

permuta3on strategy 
Database 

Ini3al screening  
(phenomenological) 

Computa3onal  

Screening 

Candidate materials 

Data mining 

30,000  ~ 100,000 

~ 100,000 ‐ 200’000 

≈ 10,000 ‐ 20’000 

The Screening Strategy 

 Solid Stability 
 Solubility  
 Voltage 
 Capacity 



High nega3ve forma3on energy 

Nega3ve forma3on energy 

Posi3ve forma3on energy 

High posi3ve forma3on energy 

Which ca3on stabilizes  
another ca3on 

Design stable  
solids 

Materials Design: Solid Stability PaAerns 



High dissolution energy 
Moderate dissolution energy 
No dissolution energy 

Which cations dissolve 

Design stable  
solids at high pH 

Materials Design: KOH Instability 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Predicted alkaline cathode  
material performance  

> 130,000 compounds considered 
•  30,000 known from ICSD  
•  > 100,000 new generated  

> 1500 compounds 
  Capacity > 1 Ah/cc 
  1.1 V < Ave voltage < 2.2 V 
  Energy density > 1.7Wh/cc 

≈ 200 compounds 
  Reactant stable in air 
  Reactant stable in 9N KOH 
  Product stable in 9N KOH 

Tier 1  

Tier 2  

MnO2 

Candidate Compounds and Design Rules 

End result – 200 compounds predicted to outperform current cathode AND are 
predicted stable (through en@re reac@on) in 9 M KOH 

Bi5+   Ni4+  
Several patents filed by Duracell  



But what about Bismuth availability? 

 Not too expensive (~$20‐30/kg) 
 Low global produc3on (by‐product of lead refinement)  
 NO domes3c produc3on… 

Project focused on high energy novel materials, which was successful – however, driving 
force not enough to develop – just patents … 



Company Strategy 



High‐throughput Materials Design: 
 Li‐ion baAeries 



In Silico Materials Design: Li ion baAeries 

Li+ 

e‐ 

ShuAle Li+ ions back and forth 

Anode:  
carbon 

Li‐ion is a family of chemistries, differen3ated by 
cathode 

Cathode needs to host and exchange large 
amounts of Li+ and electrons at high rate and 

remain stable 

Need: good capacity, voltage, rate, stability, safety, cost, …. 



Most are Computable   

Voltage 

O2 release: safety 

Structural Stability 

Li mobility 



About 25,000 baAery compounds inves3gated so far 

Plain Oxides 
(9204) 

Silicates (1857) 

Phosphates (1609) 

Borates (1035) 

Other (370) 

Vanadates (1488) 

Sulfates (330) 

Nitrates(61) 

No Oxygen (4153) 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oxides  phosphates  borates  silicates  sulfates 

Range of today’s 
known materials 

High capacity tends to be 
associated with instability of 
structure 

High voltage destroys 
electrolyte and is 
associated with lack of 
safety 

Target Design Spaces 



Real baWery data ! 

New Li‐ion Cathode Materials Discovered 

New phosphate 
discovered @MIT 
through 
computa@ons  

“Sidorenkites”: Li3M(CO3)(PO4)  (M = Fe, Mn, Ni, Co) 

Completely new class 
of materials 
synthesized based on 
computa@onal 
predic@ons 

No Li containing carbono phosphates AT ALL are 
known in nature ! 

Courtesy of Ceder at al, MIT  Courtesy of Ceder at al, MIT 



The Materials Project:  
A Growing Public Resource 



Bringing informa3on to YOU 

What new, useful 
materials might exist? 

How can I optimize 
a material over 
multiple criteria?  

Often, ‘experience’ of individuals is the only guide 

What are the properties 
of known materials? 



A public Project to compute “all” properties of all 
inorganic materials


Formerly the “Materials Genome Project” 



•  Fill in ʻmissingʼ property data on all known 
compounds


•  Assist researchers in predicting new materials


•  Provide interactive analysis 
tools and codes


•  Enable rapid screening and 
data mining


Goals




Team Work and Sosware Infrastructure 

MIT 
Gerbrand 
Ceder 
Shyue Ping Ong 
Geoffroy Hautier 

LBNL NERSC 
Kathy Yelick 
David Skinner   
Shreyas Cholia  
Daniel Gunter 
Annette Greiner 

LBNL CRD 
David Bailey 
Anubhav Jain 

LBNL EETD 
Kristin 
Persson 
Michael Kocher 

Large machinery under the 
hood to manage: 
 Input data 
 Runs 
 Output 
 Analyses 
 Web interface 



   Over 20,000 compounds and growing daily

   Multiple tools based on computed data




>35,000 
REACTIONS 

Reac@on energies 
already available online: 

Phase diagrams  
with available data: 

28,300 
SYSTEMS 

Data




Hau@er, Fischer, Erlacher, Jain, Ceder 
Inorganic Chemistry (2010) 



? 

Safety


Oxygen release correlates with oxygen 
chemical poten3al of cathode 

Spontaneously 
releases O2 at RT!  

LixMnCO3PO4 LixNiPO4  LixFePO4 
safer safer 

RT  RT 
RT 



Launched Oct 11 2011 

  >2,000 registered users 

  > 6000 phase diagrams 
generated 

  > 7000 structure 
predic3ons executed 

Usage




The Materials Genome Revolu3on 

! 

“bringing science 
solu@ons to the world” LBNL/MIT + partners 



Current and Planned 
Applica3on areas 

o Alkaline battery cathodes

o Li-ion battery electrodes

o Na-ion battery electrodes

o Electrolytes

o Rechargeable Mg-ion batteries


o Solid State Ion conductors


o Hg capture from gas streams


o Corrosion/Stability in Water

o Photocatalysts

o Thermoelectrics


o Surface energies and nanoparticles


Applica3ons are osen created in 
collabora3on with companies 



The Google of Materials Proper3es is arriving 

 Materials are the cornerstone of many applica3ons 

 Materials proper3es can be predicted by computa3ons: ab 
ini@o + other methods. 

 We will reach the point where proper3es of all materials are 
computed: A Materials Genome  

www.materialsproject.org 



June 2011: Materials Genome Ini@a@ve 
which aims to “fund computa4onal tools, 
so6ware, new methods for material 
characterizaPon, and the development of 
open standards and databases that will make 
the process of discovery and development of 
advanced materials faster, less expensive, 
and more predictable” 

Recognition


The Materials Project was recognized by several agencies and publicized at DOE as a ‘First‐Of‐
Its‐Kind Search Engine’ for materials research and a groundbreaking project within the recent 
Materials Genome Initiative announcement. 



The End 


