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Materials science takes a long time

to become materials technology

o,
o— Gox )gle
gy
First IBM PC 4>| IGzog'e A0
1930 1940 1950 1960 1970 1980 1990 2000 >
invented
Teflon in lab =—=»| Liion battery |e==commercialized

Velcro

Titanium | Diamond-like Thin
| Polycarbonate Films

GaAs

Amorphous soft
magnets
Materials Data from: Eagar, T.; King, M. Technology Review 1995




The Materials Design problem...

What delays materials advancements?

Lack of information.
properties of existing materials
new materials prediction
simultaneous property optimization

Often, ‘experience’ is the only guide.
Better data is needed for materials design.



Density Functional Theory provides
materials data at the speed of computation
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Scaling to high-throughput DFT

GridEngine queue
management

0O

AFLOW wrapper

converged runs

rr:

Computational resources

Perl scripts:

» identify converged runs
»rerun failed jobs using
modified convergence parameters
»Kill jobs which are not
converging

(
XML output
intuition-guided  crystal parse into atomic:\-..
selection of structure [ Yavabackend data fragments Postgresql
compounds prediction g Database
== = JDBC
e o ICSD data
“E VASP data
researcher knowledge = Analysisdata
*phase diagrams

Java backend / frontend
»-explore/analyze data
»-generate VASP jobs

*structural features
*application-specific data
(e.g. battery voltage)



High-throughput DFT applied to
Li ion-battery cathodes

The Materials Genome at MIT:
a resource for materials informatics



Lithium lon Batteries

e~ discharge e  charge
— — Cathode is now

the major barrier

- for better energy
Li* charge density, high rate,
- lower cost, safety

Li* discharge (Significant
Improvements
needed in all

anode electrolyte  cathode areas...)



Voltage is one design criteria for batteries

Voltage window between 3-4.5V

anode cathode integrate
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How well can DFT predict voltage?

B computed M experimental literature
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months computing: 1
total calculations: 1347
cathode materials: 0
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Li ion cathodes can be computationally

optimized over multiple properties

Safety Is another largely computable

property 0.5Mn_P_O 0.5 Fe,P,0
0.25} — ot

Others InCIUde: % 2 0.167Fe3(Po4)2+o.167Fe3(PfTJ

thermodynamic stability " ;

. . % g 0.1 Fe (PO 4)3:--0.-1-F-ei(132(2712- :

Intercalation o ;

volume change R N N
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T/°C
Ong, S. P, Jain, A., Hautier, G., Kang, B., & Ceder, G.
Electrochemistry Communications (2010)

Optimize over multiple properties before
time-consuming lab work



New materials for batteries discovered
using high-throughput DFT

Chemistry Novelty Potential for Percent of
energy density experimental
improvement over | capacity already
LiFePO achieved in the lab
Borate-related Compound known  50% greater ~45%
(new electrochem.)
Li3 M (PO4) (CO3) New 40% greater ~45%
M=Fe, Mn, Co, ... (never reported)
Phosphate-related New 20% greater ~60%

(never reported)
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Data leads to design intuition
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Remarks on Li ion battery cathode design

Used fairly limited computational resources
(—300 cores)

Used fairly small experimental team (—3
full-time, 3 part-time members)

Able to screen 20,000 materials and
experimentally synthesize 3 promising
new cathode materials for Li ion
batteries



High-throughput DFT applied to
Li ion-battery cathodes

The Materials Genome at MIT:
a resource for materials informatics



Goals of the Materials Genome

Provide a public database of electronic
structure calculations for:
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Goals of the Materials Genome

Provide a public database of electronic
structure calculations for:

Analysis
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Computations predict best performing

metal sorbents
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Structure prediction methodology
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Step 1: Predict

(using data-mined ’f |
correlations) . AN . :

“knowledge database”

Statistical Inference

Partially unknown system

Fischer, C. C., Tibbetts, K. J.,
Morgan, D.,& Ceder, G.

Nature Materials (2006)

Hautier, G., Fischer, C., Jain, A.,
Mueller, T., Ceder, G.

Chemistry of Materials (2010)
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Step 2: Confirm
(using DFT computations)



New ternary oxides predicted

Over 200 new ternary oxide compounds
were predicted by our method

All predictions & oxidation range for
synthe3|s IN supplemental iInfo of [1]
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Can generate computed OK, Oatm phase

diagrams for almost all chemical systems

Li-Fe-O

673K

Source:
ASM Online




Phase diagrams lead to

ultrafast battery cathode
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The Materials Genome: A tool for YOU to

esign materials in record-breaking time!
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The Materials Genome: A Tool for

Advancing Materials Informatics
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Designing Stable Structures: Local

Environment Statistics
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K-point convergence

Energy differencedistribution,
‘default’ and 'increased k-point' parameters
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Formation enthalpy accuracy
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Improving coal gasification efficiency

by removing trace Hg gas at high T

IGCC (Integrated Gas Combustion Cycle) —
efficient alternative to pulverized coal (PC) power

One Problem: hot syngas needs to be cooled to
remove impurities, then reheated

3.6% estimated thermal efficiency loss can be

regained If impurity sorption can occur above
440K

Nexant Inc., Environmental footprints and costs of coal-based integrated ~ Schlather, J. and B. Turk. Comparison of a New Warm-Gas
gasification combined cycle and pulverized coal technologies. 2006, Desulfurization Process versus Traditional Scrubbers for a Commercial
Environmental Protection Agency. IGCC Power Plant. 2007.



Improving coal gasification efficiency

by removing trace Hg gas at high T

Goal: find a metal capable of removing 100ppbw
Hg gas from a syngas stream at high T

Strategy: compute all formation enthalpies:

Metal Hg Amalgam

for all known binary Metal-Hg amalgams
(along with oxidation energies)



Data mining
Substitution Probabilities
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