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* Materials Design for Cathodes

 The Public Platform: www.materialsproject.org
— Pymatgen
— The Materials API
— Example Collaborations

e The Vision
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Persson et al, PHYSICAL REVIEW B, 005400 (2012), Prediction of solid-aqueous

equilibria: Scheme to combine first-principles calculations of solids with
experimental aqueous states




Database

Known permutation strategy New
compounds - + compounds

30,000 ~ 100,000

Initial screening
(phenomenological)

Computational Data mining

Screening

Candidate materials




-How to'stabilize
high-valenti
compounds

High negative formation energy

Negative formation energy :

Positive formation energy
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Highfpositive formation energy

VEMAR P GE IS EHE

Design rules: how to stabilize high energy compounds,
which corrosion-resistant elements to add...




Predicted alkaline cathode
material performance

Voltage [¥) vs #n

> 1500 compounds ~IMnQO,

v’ Capacity > 1 Ah/cc _ ; 20 30 40 50

v 1.1V < Ave voltage<2.2V Energy Density (Wh/cm3)

/ Energy denSity > 1'7Wh/ CC a2 United States Patent (10) Patent No.: US 7,972,726 B2 :’J::::?:::ﬁ\camn Publication o Pub. No.: US 2011

Eylem et al.

= 200 compounds

v’ Reactant stable in air

v’ Reactant stable in 9N KOH
v’ Product stable in 9N KOH

End result — 200 compounds predicted to outperform current cathode AND are
predicted stable (through entire reaction) in 9 M KOH




Completely new class
of materials
synthesized based on
computational
predictions

New phosphate
discovered @MIT
through
computations
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“Sidorenkites”: Li;M(CO;)(PO,) (M =Fe, Mn, Ni, Co)

Courtesy of Ceder at al, MIT




O, " The Public Platform:

www.materialsproject.org




Fill in ‘missing’ on inorganic compounds

Assist researchers In

Provide and codes

Enable rapid screening and




Benchmarking (dV, bond length, enthalpy, ...)

error checking
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between data sets

Oxide
region

Jain et al, Formation Enthalpies by
mixing GGA and GGA+U
Calculations, Physical Review B 84,
045115 (2011).




Leveraging the

Apps  Support About References Profile for kapersson@Ibl.gov ::

ICSD ID 92321
Unit cell formula BagCo,0,5

Formation energy / atom Bkl EEAY
Energy above hull 0.0000 eV

Decomposes to Ba,CoO,

Final magnetic moment 20.0000 pg
Final volume 494.50 A3
Final density 5.34 glcm3
Run type GGA+U [7]
Related tasks 19625

Space Group

monoclinic
14
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Kristin Persson
1 comment

Shreyas Cholia
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O Over 26,000 compounds and growingmonthly
 Multiple tools based on computed data

PhaseDiagramApp

B 7 f tf4%  The Phase Diagram App uses density functional .
u';' 4-/ = uren, database to generate OK compositional and grand Stru C‘tu re P redl C‘to r
Lip [ o two to four components. For details of our methodoloc
L - to the Phase Diagram App manual. e ) . .
* ' = - 9 P Predicting new compounds and their crystal structures is the first step in

Hn-bmmfr:r:::ﬁn:rtrsb;im g e @, Chome, Safe finding new materials for future technologies. The structure predictor uses
data-mined knowledge of experimental crystal data to generate potential
new compounds (ionic systems only). Mote: processing can take several
days.

LithiumBatteryExplorer

The Battery Explorer is a customized tool to search the Materials
Project database for lithium battery materials satisfying various
critical criteria such as voltage, capacity, stability and energy
density. For details and usage tips, please refer to the Battery
Explorer manual.

i MaterialsExplorer

Search for materials information by
chemistry, composition, or property.

Because of error cancellation, intercalation voltages are expected to be more accurate than
conversion voltages.

This app currently contains 21 4 lithium intercalation compounds and 4 1 58
conversion battery compounds. If you can't find the compound you're looking for, please
check back later. We add new ones every week!

CrystalToolkit

ReactionCalculator CrystalToolkit is a structure editor that generates
A H new structures from existing structures in the

The reaction calculator determines energies of solid state reacticns using a Materials Project or from an uploaded POSCAR or

database of Density Funciional Theory calculations. When available, the reaction CIF file. Batch processing of structures is

calculator will also report experimental formation enthalpies for the reaction. For
delails of our methodolugy and usage tips, please re‘er to the manual.

Usags Example: Type '"MgQO + AlI203" in the Reactants field and "MgAl204" in the
Products field and click "Calculate AH".

supported.




PhaseDiagramApp
e Tor ',"4":6
component systems

2. MATERIALS
°

Phase Diagrams via Density Functional Theory
Version 0.3

The Phase igram App (PDApp) generates phase
diagrams using the Materials Genome database
Compositional and grand potential phase diagrams of
up to four compositional components are supported
Phase diagrams represent the thermodynamic phase
equilibria of multicomponent systems and reveal useful
insights into fundamental material aspects regarding
the processing and reactions of materials

For the detalled methodology used and usage tips,
please refer to the PDApp manual.

HTML5-compatible browser recommended, e.g., Chrome, Safari,

Firefox (3.6 and above) and IE9. Non-inferactive piots only for IE6.

Usage Examples >

Co-Li-O Phase Diagram
[T Show Data Table []Show Unstable Intepreting PDs

.L\'

More information

To cite this implementation of the
Reaction Caleulator, please see
A High-Ti

> MATERIALS
°

ReactionCalculator

The reaction calculator determines energies of solid state reactions using a database of Density
Functional Theory calculations. When available, the reaction calculator will also report
experimental formation enthalpies for the reaction.

The current database contains computations for over 23,000 solid state materials and

for Density Functional Theory
Calculations

Anubhay Jain

Geoffroy Hautier

Charles J. Moore

Shyue Ping Ong

Christopher Fischer

Timothy Mueller

Kristin Persson

Gerbrand Ceder

Computational Materials Science (to
be published)

data for over 1,000 solid state compounds.

The user must specify a set of reactants and products that are comma-separated. There is no
need to balance the reaction.

Usage Example:

In 'Reactants Input', put the text: M50, 21203
In 'Products Input’, put the text: Mga1204
(leave "Advanced Arguments' blank)

Comprehensive details may be found in the reaction calculator manual

Reactants Input

[Mgo. A203

Accurate Formation ies by
Mixing GGA and GGA+U
calculations

Anubha Jain

Geoffroy Hautier

Shyue Ping Ong

Charles J. Moore
Christopher Fischer
Kristin Persson

Gerbrand Geder

(to be submitted)

Products Input

[MgAIZO4

Advanced Arguments

Energy Adjustments 2

0 (Defautt: adjust many gases, mix GGA/GGA+U)

Calculate

MgO + Al,O5 —> MgAl, 0,

AE of reaction, (comp.,0K): -0.4024 eV (-38.83 kJ)
MgO — AE(-6.173 eV (-595.61 kJ)

AlyOg — AEF-17.1476 eV (-1654 51 kJ)

MgAI, O, — AE£-23.723 eV (-2288 94 kJ)

AH of reaction (expt.,298K): -0.369 eV (-35.6 kJ)

MgO — AH;-6.2351 eV (-601.6 kJ)
Source: Cox, J.D Wagman, D.D.. Medvedev, VA .CODATA Key Values for
Thermadynamics, Hemisphere Publishing Corp., New York, 1984, 1.

Al,05 — AHg-17.3673 eV (-1675.7 kJ)
Source: Cox, J.D. Wagman, D.D.. Medvedev, V.A CODATA Key Values for
Thermadynamics, Hemisphere Publishing Corp., New York, 1984, 1.

MgAI, Oy - AH-23.9713 eV (-2312.9 kJ)

‘Source: O. Kubaschewski, C. Alcock, P. Spencer, Materials Thermochemistry, 6th
ed., Oxford, Pergamom Press, 1993.

copyright® 2010-11 Materials Genome, db 1.1

Database version 1.1 Database version 1.1

Need additional capabilities? E-mail collaborate [all materialsaenome. org Need additional capabilities? E-mail collaborate [al] materialsgenome.org

Questions? E-mail support [af] materialsgenome.arg Questions? E-mail support [at] materialsgencme.org

Reaction energies
already available online:

>35,000 REACTIONS

Phase diagrams
with available data

28,300 SYSTEMS




Launched Oct 2011
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Pymatgen




\ MATERIALS
. PROJECT /S

Is the codebase powering the

: : matgen
Materials Project. PYATtaRs




Home  Apps Support About References Profile for shyuep@gmail.com :: Logout

MATERIALS T
PROJECT =

Database Statistics
26140 materials 3044 vandstructures

A Materials Genome Approach

Accelerating materials discovery through advanced

intercalation conversion
scientific computing and innovative design tools. 389 batteries 13381 batteries

L Lithium Battery Crystal
Explorer Toolkit
Search for materials information by Find candidate materials for lithium
chemistry, composition, or property. batteries. Get voltage profiles and
oxygen evolution data.

Convert between CIF and VASP input
files. Generate new crystals by
substituting or removing species.

Phase Diagram Ll Reaction Structure
App Calculator Predictor
‘Computational phase diagrams for ‘Calculate the enthalpy of tens of

closed and open systems. Find stable thousands of reactions and compare
phases and study reaction pathways. with experimental values.

Predict new compounds using data-
mined substitution algorithms.

django

ymatpro e Database interface

e Run management (fireworks

Defines core extensible Python objects for
vmatgen

materials data representation.




| Analvses | Results
VASP input p y m a t g e n phasediagram

[ output
fo.vaspio, : )
borg Reaction analysis.
calculatar reaction calculator

fo.cifio

Electronic electronic
Python objects structure analysis structure
_ . - Structure / Molecule and visualization

ia.babelio > - ComputedEntry

OpenBabel - Dos
formats serializers - Bandstruciure

Application-

specific, e.g.,
battery properties
Serialized
pymatgen
objects Structure
Structure / Data

manipulations

matproj.rest - transformations
Materials - alchemy Other analyses

Project REST - entries.compatibility e Eviald

4 (GGA/GGA+U mixing) summations,
structure symmetry

and similarity, etc.

analysis,
symmetry




Building robust software that lasts... :

All pymatgen classes and methods come

Table Of Contents p y m a t g e n

Introduction

= Latest Change Log (v2.

Getting pymaigen .
Usingpymatgen oduction

= Aliases
Contributing Pymatgen (Python Materials Genomics) is a robust, open-source Python library for materials analysis. It currently powers the public

2:::13:2;2“5 Materials Project (http:/iwww.materialsproject.org), an initiative to make calculated properties on a large number of materials available
pymatgen.io.vaspio_set to materials researchers and designers. These are some of the main features:

module

pymatgan phasadiagram
package . Extensive io capabilities to manipulate many VASP input and output files (http:#/cms.mpi.univie.ac.at/vasp/) and the

(]
pymatgen.entries.compatibility crystallographic information file format. This includes generating Structure objects from vasp input and output. There is also
O I I I e I | a I O I ' module support for Gaussian input files and XYZ file for molecules.
C u [ . Comprehensive tool to generate and view compositional and grand canonical phase diagrams.
L\o.ense . Electronic structure analyses (DOS and Bandstructure).
Indices and tables:
. Integration with the Materials Project REST API.

. Highly flexible classes for the representation of Element, Site, Molecule, Structure objects.

Next topic
The pymatgen library is free (as in free beer) to download and to use. However, we would also like you to help us improve this library

by making your own contributions as well. These contributions can be in the form of additional tools or modules you develop, or even
simple things such as bug reports. Please read the Contributing section or contact the maintainer of this library (shyue@mit.edu) to
This Page find out how to include your contributions via github or for bug reports.

Older versions

Show Source Note that pymatgen, like all scientific research, will always be a work in progress. While the development team will always strive to
avoid backward incompatible changes, they are sometimes unavoidable, and tough decisions have to be made for the long term
health of the code.

D O e S a nyo n e The most up-to-date documention is available at our github page (http://materialsproject.github.com/pymatgen/}, where you can also

Quick search

report any bugs/issues. If you wish to be notified via email of pymatgen releases, you may become a member of pymatgen’s Google
Groups page.

remember how to run o
‘GoBabyMonte.c’ ?77??? Latest Change Log (v2.2.1)

1. Improvements to feffio.
2. Master matgenie.py script which replaces many analysis scripts.
Ld ~arsing of VolumetricData.
diction classes.
1 release of the Materials API.

Nah — Bob left in
2004....




pymatgen is managed via

Licensed under the

Stable versions are available on the popular
Python Package Index (PyPl) at




is global

Accesses of pymatgen’s doc.




The Materials API




The Materials API

An open platform for accessing Materials Project
data based on REpresentational State Transfer
(REST) principles

to cater to large number of
users, with different access privileges

Simple to use and code agnostic




MATERIALS
PROJECT

MATERIALS

ECOSYSTEM




Preamble

\

https://www.materialsproject.org/rest/v1/

Request
type




Secure access

An individual API key provides secure access with
defined privileges

WWW.materialsproject. rofile




Example collaborations




High selectivity and absorption capacity for CO2 at elevated temperatures (400-
900°C)

Good absorption/desorption kinetics - preferably under a wide range of p(CO,)
Good cyclability for absorption/desorption processes

Good hydrothermal and mechanical properties

CO, + Reactant Oxide - Carbonate + Product Oxide

Average |

Cao
Average erfor in energy
Rb20 ' corresponds to the necessary
' correction [n the empirical

| caco, K20 | energy given to CO, molecule

| + Ca0)J

| LiFeO2
|

- Li2TiO3

\
\ ) Li2ZrO3

20 40 60
E(calc) - E(exp) (kJ/mol)




Developed a new functional:
GLLB-SC

GLLB-SC improves performance
on band gaps

GLLB-SC requires much more
testing

Theory [eV]

allow for testing
GLLB-SC over tens of thousands of
compounds ,. ; 8

Experimental [eV]

I.E. Castelli, T. Olsen, S. Datta, D.D. Landis, S. Dahl, K.S. Thygesen, and
K.W. Jacobsen, Energy & Environmental Science 1-6 (2012).




Adding

computed K-edge cross sections
L-edge in future...
XANES, EXAFS, EELS, ...

cluster of atoms — not periodic solid

Cu XANES spectrum from exp and FEFF;
Inelastic Losses in X-ray Absorption Theory,
Thesis, Luke Campbell (2002).

via pymatgen and




MPS

about

crystal

about
Who authored the xtal?
What papers to cite?
Is the xtal linked to any known

databases?
What codes operated on the xtal?
What metadata is associated with the

xtale

Material 24972: Fe,Og

108D ID. 245851

author, publication
reference and link...




The Vision




From single entities...




Voltage (V)
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| wgiizoe)

Eq. Oxygen Release b,
Charged State (eV)

halides )40 60 80 400
mation Enthalpy (kJ/mol-Hg)
main
group
@oxides  ©phosphates @ silicates
transition

3000000 metals

2500000

F<gIEIA<FEPIOFII23P0gg-on

rare-earth

H

2000000 alkali-earth
alkali
1500000
AM1.5G

1000000

Absorption coefficient (1/cm)
rare-earth
transition
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Energy (eV)

... towards amaterials
genome
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