


Finding higher energy density cathode

~——— Positive Cover

— Label

Separator Anode

n

Current Collector

TR RRR R

Sealant Negative Cover
V ABO,+AO0+AB, O,
Plastic Bushing Spot Weld .
MnO,+H,0+Zn ->MnOOH + ZnOH, AORARLRP0
SPECS: - L_ARO+A:B
4 3 2 1 (¥ in ABO,

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



Our calcs

Potential (V)

pH at 25 °C

Alkaline cell reaction

2Mn0O,+H,0+Zn ->2MnOOH + ZnO

exp

Potential (V)
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pH at 25 °C

M. Pourbaix, “Atlas of Electrochemical Equilibria in
Aqueous Solution”, Pergamon Press, Paris (1966).



Database

- permutation strategy - .

30,000 ~ 100,000
~ 100,000 - 200’000

v'Solid Stability
v'Solubility
v'Voltage
v'Capacity

= 10,000 - 20°000

Data mining
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M ™ High negative formation energy
Negative formation energy
Positive formation energy

B High positive formation energy

Which cation stabilizes
another cation

Design stable
solids



285392 ¥ e koo EipmmprreyT

..........................................
llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
1

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
2 3

]
444444444444444444444444444444444444444444444

B High dissolution energy
" Moderate dissolution energy
[J  No dissolution energy

Which cations dissolve

Design stable
solids at high pH




Candidate Compounds and Design Rules

Predicted alkaline cathode
material performance
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> 1500 compounds g MnO,
v’ Capacity > 1 Ah/cc = />
v/ 1.1V < Ave voltage<2.2V
v’ Energy density > 1.7Wh/cc 0o | | | | | | |
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
Ti e r‘ 2 . Energy Density (Wh/cm3)
d a2 United States Patent (10) Patent No.:  US 7,972,726 B2 xg?meﬂ:;n;ﬁzmon Fubtenten 5 it
~ 200 com o n s R Eylem et al. (45) Date of Patent: Jul. 5,2011 2 ‘r
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v’ Reactant stable in air
v’ Reactant stable in 9N KOH
r/ Product stable in 9N KOH

End result — 200 compounds predicted to outp i
predicted stable (through entire reaction) in 9




But what about Bismuth availability?

v'Not too expensive (~$20-30/kg)
v'Low global production (by-product of lead refinement)
v'"NO domestic production...

World Mine Production and Reserves:

Mine production Reserves?

United States —
Bolivia 90 00 10,000

Canada 90 100 5,000
China 6,500 6,000 240,000
Kazakhstan 150 —_ NA
Mexico 850 1,000 10,000
Peru 1,100 1,100 11,000
Other countries 120 200 39,000

World total (rounded) 8,900 8,500 320,000

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



Company Strategy







Polymer Binder

Shuttle Li+ ions back and forth

/.'

Anode:
carbon

Cathode
(LixMO2) Carbon black

Intercalation
Oxide

Cathode needs to host and exchange large
amounts of Li* and electrons at high rate and
remain stable

Li-ion is a family of chemistries, differentiated by
cathode




Voltage

m experimental literature m computed

Structural Stability
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About 25,000 battery compounds investigated so far

25,000

20,000

15,000

10,000

5,000

Li Containing Compounds Computed
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No Oxygen (4153)
Nitrates(61)
Sulfates (330)
Other (370)
Borates (1035)
Vanadates (1488)

Phosphates (1609)
Silicates (1857)

Plain Oxides
(9204)

Jan 108 July 108 Jan 1709 July 109



Target Design Spaces

Capacity (mAh/g)
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New phosphate
discovered @MIT
through
computations

Real battery data !
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Capacity [mAh/g]

Courtesy of Ceder at al, MIT

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

Completely new class
of materials
synthesized based on
computational
predictions

“Sidorenkites”: Li;M(CO5)(PO,) (M = Fe, Mn, Ni, Co)

5.0

A A
o

w
o

Potential (V. vs Li+/Li)
N oW
)

N
o
T

-
)]

0 10 20 30 40 50 60 70 80 90 100 110 120
Capacity (mA.hig)

70mm

Courtesy of Ceder at al, MIT






Bringing information to YOU

What new, useful
materials might exist?

hat are the properties
of known materials?

ow can | optimize
a material over
multiple criteria?

Often, ‘experience’ of individuals is the only guide



The MATERIALS
PROJECT

a materials genome approach

W

A public Project to compute “all” properties of all
iInorganic materials
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The MATERIALS
PROJECT ™"

Fill in ‘missing’ property data on all known
compounds

 Assist researchers in predicting new materials

* Provide interactive analysis
tools and codes

* Enable rapid screening and
data mining




The MATERIALS
PROJECT

Large machinery under the
hood to manage:

v'Input data

v'Runs

v Output

v'Analyses

v'Web interface
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d Over 20,000 compounds and growing daily
d Multiple tools based on computed data

PhaseDiagramApp

The Phase Diagram App uses density functional theory calculations from our

database to generate OK compositional and grand potential phase diaarams of

two to four components. For details of our methodology S t ru C t u re P re d i C to r

to the Phase Diagram App manual.

HTMLS-compatible browser recommended, e.g., Chrome, Safari,
Nor+-interactive plots only for IES. Predicting new compounds and their crystal structures is the first step in

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). Note: 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.

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

MaterialsExplorer

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

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
™ eulator & ¢ coiid new structures from existing structures in the
e reaction calculator determines energies of solid state reactions using a . .
database of Density Functional Theory calculations. When available, the reaction Materlals Project or fro,m an uploaded P_OSCAR or
CIF file. Batch processing of structures is

calculator will also report experimental formation enthalpies for the reaction. For

details of our methodology and usage tips, please refer to the manual. supported.

Usage Example: Type "MgO + Al203" in the Reactants field and "MgAI204" in the
Products field and click "Calculate AH".




The MATERIALS
PROJECT

MATERIALS

Data

MATERIALS

ReactionCalculator

Moreintonnation ‘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

Ph ase DiO g ra mApp Phase Diagrams via Density Functional Theory o Wher
Version 0.3
U experimental formation enthalpies for the reacion.

investigate phase
stability for 2-4 phase Reaction Calculator, please see: The cument database contains computations for over 23,000 solid state materials and
Component systems abase AHigh-Throughput Infrastructure experimental data for over 1,000 old state compounds.

for Density Functional Theory

The Phase Diagram App (PDApp) generates
dal

diagrams  using the Materials Genome dat;

Compositional and grand potential phase diagrams of for Do e < <pecty a et o eacants and products it s
o, alculations e user must specit a set of reactants and products that are comma-separated. There is no
o up to four compositional components are supported. o nesd 1 balanes the reaction
,: U, Phase diagrams represent the thermodynamic phase Geoffroy Hautier Usage Example:
ugeo, Charles J. Moore :
w, - o, equilibria of multicomponent systems and reveal useful Chares ) o I Aot Inpit, put e fext bigo, 31203
up, an= - insights into fundamental material aspects regarding yue Ping Ong ; ! <
the processing and reactions of materials. Ciristopher Placher e e am20¢
P 9 e (leave ‘Advanced Arguments'biank)
For the detailed methodology used and usage tips, Kiistin Persson - may be found In sl
u please refer to the PDApp manual \SEIEL T Y
Computational M (to

MLS-compatible browserrecommended, e.g., Chrome, Safari be published) Reactants Input

HTH
Firefox (3.6 and above) and IE9. Non-interactive plots only or IES.
Mg0. A203

Accurate Formation Enthalpies by

Usage Examples > Mixing GGA and GGA=U Products Input
caleulations
Anubhay Jain
Geoffroy Hautier Advanced Arguments
Co-Li-O Phase Diagram St
. . Ghritopher Fischer Energy Adjustments (7]
[7] Show Data Table [ Show Unstable | Mark Comp. GetPNG | Intepreting PDs Kristin Persson 0 (Default: adjust many gases, mix GGAIGGA+U)
Gerbrand Coder
Li (to be submitted)

Calcuiate

MgO + AlOg > MgALO,

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

AlyO; -~ AE(-17.1476 eV (-1654.51 kJ)

o MgAIL0, — AE(-23.723 oV (-2288.94 kJ)

AH of reaction (expt. 298K): -0.360 eV (-35.6 kJ)
MgO — AH;:-6.2351 eV (-601.6 kJ)
Source: Cox, JD. Wagman, D.D; Medvedey, VA,CODATA Key Values for
Themocynamics, Hemisphere Publishing Corp.. New York, 1984, 1
AlO5 — AH;-17.3673 &V (-1675.7 kJ)
Source: Cox, JD.; Wagman, D.D; Medvedey, VA,CODATA Key Values for
Thermocynamics, Hemisphere PUDIISTing Corp.. New Yok, 1984, 1
MgAL,O,, - AH:-23.9713 eV (-2312.9 kJ)
Source: O. KubaschewsKi, C. Alcock, P. Spencer, Materials Thermochemistry, 6ih
., Oxford, Pergarmom Press, 1995.

Co
copyright® 2010-11 Materials Genome, db 1.1 “~ ’
Database version 1.1
Database version 1.1
! ) Need additional capabilities? E-mail collaborate [af] materiasgenome org
Need additional € mail collaborate at) og
Questions? E-mail support [a] materialsgenome org

Questions? E-mail support [at] material

Phase diagrams Reaction energies
with available data: already available online:

28,300 >35,000
SYSTEMS REACTIONS




The MATERIALS
P R o J E C T - using data-mined

substitution algorithms.
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Created at Oct. 18, 2011, 8:48 a.m.

e T O 5201, 405 pim.
Number of crystals 23

Candidate Structures
—0.5 Show (50 %] entries Search:

[Renking *[iD ¢ [scors 4 |Chemical Formuis  § [ Numberof Sites 4
1 26

189 -3.8932 TizNb2Og

Crystal Structure (CIF) [Download Link]

2 190 38932 Ti2Np2Og 52 Crystal Structure (CIF) [Download Link]

1 3 173 -3.8022  TisNb1gOss 150 Crystal Structure (CIF) [Download Link]

4 183 -38022  TiNbO7 20 Crystal Structure (CIF) [Download Link]

5 184 -37108  TiNbO7 60 Crystal Structure (CIF) [Download Link]

6 175 36103 TiNbOs3 19 Crystal Structure (CIF) [Download Link]

7 188 -35608  TiaNb2O 52 Crystal Structure (CIF) [Download Link]

. . . 8 172 35032 TicNbigOz 41 Crystal Structure (CIF) [Download Link]

Ha Utlerl FISCher’ ErIaCherl 'Ia_lnl ceder 9 177 -3.4582 TigNb2O13 38 Crystal Structure (CIF) [Download Link]
[norganic Ch emistry (201 O) 10 185 33965 TINb:Or 20 Crystal Structure (GIF) {Download Link]
1 192 -3.3965  TiNb:Os2 17 Crystal Structure (CIF) [Download Link]

Step 1 H select elements 12 182 -3.3950 TiNbzO7 1080 Crystal Structure (CIF) [Download Link]

13 187 -3.3950  TiNb2O7 40 Crystal Structure (CIF) [Download Link]

Selected Elements: 14 181 -3.3448  TiNb2O7 1080 Crystal Structure (CIF) [Download Link]

15 194  -3.3448  TisNbsOz 116 Crystal Structure (CIF) [Download Link]

16 191 -3.3046  TiND:Osz 68 Crystal Structure (CIF) [Download Link]

17 174 -3.1551 TisND2011 32 Crystal Structure (CIF) [Download Link]

18 176 -3.1551  TisNbzOta 76 Crystal Structure (CIF) [Download Link]

19 179 -3.0800  TiNbO7 20 Crystal Structure (CIF) [Download Link]




The MATERIALS Safety
PROJECT

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.

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

This app currently contains 2 1 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!

Oxygen release correlates with oxygen
chemical potential of cathode

Li,NiPO, —safer Li, MnCO,PO, —salel Li,FePO,

Profile for kapersson@Ibl.gov :: Logout

Apps  Support  About  References

Profile for kapersson@Ibl.

.- Home Apps Support About References Profile for kapersson@ibl.gov =: Logout X Home Apps Support About References
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The MATERIALS
PROJECT Usage

Launched Oct 11 2011
1 >2,000 registered users

. > 6000 phase diagrams
generated

J > 7000 structure
predictions executed
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solutions to the world”



The MATERIALS
PROJECT

oAlkaline battery cathodes
oLi-ion battery electrodes
oNa-ion battery electrodes
oElectrolytes
oRechargeable Mg-ion batteries —

oSolid State lon conductors 3 ;
|
[ |
oHg capture from gas streams s

oCorrosion/Stability in Water
oPhotocatalysts

oThermoelectrics Applications are often created in

collaboration with companies

oSurface energies and nanoparticles



IMaterials are the cornerstone of many applications

IMaterials properties can be predicted by computations: ab
initio + other methods.

IWe will reach the point where properties of all materials are
computed: A Materials Genome

www.materialsproject.org



The MATERIALS
PROJECT Recognition

" ENERGY.GOV cind information about your town or city. ~

PUBLICSERVICES SCIENCE & INNOVATION MISSION News & Blog Maps & Datj

Home

Materials Genome Initiative; A Renaissance of
American Manufacturing First-Of-Its-Kind Search Engine Will Speed Materials

. . Research
June 2011: Materials Genome Initiative
which aims to “fund computational tools, November 3, 2011 - T:05em
. Washington, D.C. — Researchers from the Department of Energy’s (DOE's) Lawrence Berkeley
SOﬂware’ new methOds for mater[a/ National Laboratory (Berkeley Lab) and the Massachusetts Institute of Technology (MIT) jointly
. . launched today a groundbreaking new online tool called the Materials Project, which operates like a
Characterlzat'lon, and the dEVEIOpm ent Of “Google” of material properties, enabling scientists and engineers from universities, national

laboratories and private industry to accelerate the development of new materials, including critical

open standards and databases that will make materials.
the process of discovery and development of

“By accelerating the development of new materials, we can drive discoveries that not only help

advanced mater,als faster’ Iess expens,ve’ power clean (:mergy. but also are u.sed in comm?n consumer products.." said Secretary of Energy
Steven Chu. “This research tool will help the United States compete with other developers of new
and more predlctable” materials, and could potentially create new domestic industries.”

Discovering new materials and strengthening the properties of existing materials are key to
improving just about everything humans use — from buildings and highways to modern necessities.
For example, advances in a group of materials called “critical materials” are more important to
America’s competitiveness than ever before — particularly in the clean energy field. Cell phones,

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.






