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Outline 

•! How can computations help ? 

—! What are computable properties? 

—! Application examples: 

•! Rate-limitations in graphite 

•! Tuning particle morphology in LiFePO3 

•! Explaining the hysteresis in LiFeF3 conversion reactions 

•! Discovering New Intercalation Cathodes 

—! For Li-ion batteries 

—! Pellion Technologies: Rechargable Mg batteries 

•! Towards the Materials Genome  

—! Accelerated materials discovery for energy storage 

applications 



The equations describing the basic physical interactions of matter are known 

Quantum mechanics + statistical mechanics  

H!  =  E!

P
i
=
exp("#E

i
)

Z

Electrode Materials from First Principles 

We can predict materials properties from  assuming/

knowing where the atoms are….  



Examples: Computable Material’s Properties  
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1K. Dokko, et al, J. Mater. Chem. 17, 
4803 (2007). 

Tang et al, JACS. 132, 596 (2010). 
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Electronic State 

Exp: DLi = ~10-6 cm2 s-1  



Rate limitations in graphite 



!!  At low temperature rate 

capability of carbon anode 

deteriorates rapidly   

!!Li diffusion measurements in 

graphite span 10-7 – 10-12 

cm2/s 

Can we find out what the Li mobility in graphite really is using first principles ? 

Exp facts of Li-graphite   
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Graphite intercalates in stages 
Reynier, et. al. JES 151, A422, 2004 

Exp facts of Li-graphite   



Stage I!

Stage II!

Stage III!

Stage IV!

Stage I!

Stage II!Stage IV!

Stage III!

- 20 meV/C!

GGA 

Correct staging is obtained by adding vdW to empty layers 

Compound formation energies         voltage = - dE/dx   

All possible Li-graphite decorations 

GGA+’vdW’ 



Experiments 

Standard calc 

Calc + added vdW 

The right Li-C interactions 

Correct form of voltage curve 

I 

IID + I 

II + I 

IID + ID 
ID 

IID 

G + IID 

G + II’ II + II’ 

IID + II’ 

Correct stage I and  stage II order-

disorder temperatures 



Predicting how fast Li moves in graphite 

Li diffusion between two Li sites at end of charge
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Li hop activation barriers  Li hop (from above) 

H!  =  E!+

Li diffusion between two Li sites at end of charge
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Li hop activation barriers 
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Li diffusivity in graphite 

+



Calc Exp 

D = 4.4 x 10-6 ± 0.1 x10-6 cm2 s-1  

stage I+II 

Stage II Stage I 

stage III+II 

Surprising Results 

1 K. Persson, V. A. Sethuraman, L. J. Hardwick, Y. Hinuma, Y. S. Meng, A. van der Ven, V. Srinivasan, R. Kostecki and 

G. Ceder, J Phys Chem Lett 1176–1180, 2010.      

K. Persson, Y. Hinuma, Y. S. Meng, A. Van der Ven, and G. Ceder, Thermodynamic and Kinetic Properties of  the Li – Graphite 

System from First-Principles Calculations, Physical Review B 82, 125416, 2010.  



Carbon can be super fast! 

Computations predicted in-plane Li 

diffusivity of ~10-7 cm2/s 

Charge/discharge 45 nm graphite 

particle in 0.2 ms! 

Dokko et al, J Phys Chem C, 114, 18, 2010 

Same month experiments published 

~1000C rate in single carbon particle 

These studies show that ‘normal’ low rate behavior of carbon anodes is not due to graphite                

We may be able to engineer the electrodes to be better! 



Tuning the particle morphology of LiFePO4 



•! LiFePO4 performance very dependent on particle size and shape 

•! Morphology dependent on facet growth-rate, strain, temperature etc1  

•! Maximize ac facet for optimized Li intercalation into particle  

1Chen, Song and Richardson, ESSL 9, A295 (2006). 

Can we understand particle morphology development through first-

principles calculations and tune it by changing water conditions? 

Motivation: morphology optimization 
of LiFePO4 



How can we study electrode material surfaces and relevant 

processes with ab initio modeling? 

Stable surfaces w 

absorbent species 
Particle morphology Dissolution 

Ability to predict  

!! Preferred absorbed species on different surface facets 

!! Stable surface facets in equilibrium with different aqueous environments 

including dissolution 

!! Particle morphology as function of aqueous environment 

How do we compute particle shape? 



We consider all reactions to be in equilibrium with water 
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Water map: Pourbaix diagram 



Surface energies with H, O, OH and H2O termination for all relevant 

crystal facets 

H2O / O2- / H+ / OH- ?  

Stable surface facets are calculated  

H on under-

coordinated Li and O 

Surfaces + Absorbants 



For each oxygen chemical potential, the Wulff shape is 

constructed, given the thermodynamically stable surface 

absorbents.  

The fast Li surface 

Equilibrium particle shapes can be predicted as function of solution pH, 

oxygen chemical potential and Li+ concentration 

Reducing conditions  



For 0 < µO < -3.1 shape change is due to Li ions dissolving from the surfaces 

which affects the surface energies and therefore the shape. Supported by exp1 

1K. Dokko, S. Koizumi, H. Nakano, and K. Kanamura, J. Mater. Chem. 17, 4803 (2007). 

‘Normal’ Water Conditions 

Li dissolution drives shape change 



[Li+] = 3 M [Li+] = 2 M 

pH = 5.1 pH = 6.5 

1K. Dokko, S. Koizumi, H. Nakano, and K. Kanamura, J. Mater. Chem. 17, 4803 (2007). 

Increasing the Li concentration enables the same shape particle be synthesized at 

lower pH    

Compare to Exp 



For 0 < µO < 0.2 eV different absorbing 

species affect the shape 

O covered 

H2O covered 

OH covered 

plate rectangular 

Oxidizing conditions drive pillar-shape 



Explaining the hysteresis in conversion 
reactions 



All conversion reactions show hysteresis; from 0.3 V (hydrides) to 1.5 V (fluorides): 

 From Bruce P. et al, AngChem 2006 

fluorides 

sulphides 

oxides 

phosphides 

Hysteresis in conversion reactions 

Conversion reactions: e.g.  TM-Ox + 2xLi      TM(nano)+ xLi2O 



To design conversion materials without hysteresis, we need to understand the cause:  

Electronic conductivity? 

Good electronic 

conductivity in Fe3O4 still 

produces hysteresis 1 

Hysteresis shows 

Arrhenius-type limiting 

kinetics, not ohmic1 

Nucleation/growth? 

Poor ionic mobility? 

Li transport? 

cation/anion transport? 
Bond breaking? 

1Taberna et al, Nat Mat 2008 
2Bruce AngChem 2006 

High power conversion 

reactions has been seen1 but 

hysteresis remains  

Hysteresis scales with 

ionicity – larger for 

fluorides than oxides and 

phosphides2 

Possible explanations 

Stable cycling has been 

obtained despite hysteresis. 

If the same bonds reform  

the path to do so has to be 

different… 

Relaxation to constant 

potential takes VERY long 

time, up to months 

processes are non-equilibrium! 



Different transport properties of the involved chemical species induces different reaction 

path on conversion and re-conversion ? 

Fe3+ 

!

> 100 different Li-Fe-F compounds 

calculated to map out phase diagram 

Li+ 

If thermodynamic equilibrium          voltage profile same during charge and 

discharge 

 1 Courtesy of Badway, F.; Cosandey, F.; Pereira, N.; Amatucci, G. G. J. Electrochem. Soc. 2003, 150, A1318, A1209. 

1 

Li-Fe-F Phase Diagram  

Published in R. E. Doe, K. A. Persson, Y. S. Meng, G. Ceder, Chemistry of Materials, 20, 5274, 2008.   



Fe3+ 

Fe2+ 

Fe3+ 

Li+ 

Li+ 

Li+ 

Consider diffusion during conversion 

Fe2+ 

Li+ 

Li+ 

Li+ 

Fe3+ 

Fe3+ Fe2+ 

Fe2+ 

If Fe diffuses much slower than Li+, then maximum reduction 

in LixFeF3  will occur rather than Fe precipitation. 

Kinetics during Reduction of FeF3 



Li+ 

Li+ 

Li+ 

Fe2+ 

Kinetically favored path (in red), 

as well as thermodynamically, 

assuming precipitation to nano Fe 

Fe3+ 

Fe3+ 

Fe2+ 

Fe2+ 

Assuming Fe limited 

diffusion favors complete 

reduction to Fe2+ 

Phase diagram path 

yields voltage profile 

 1 Courtesy of Badway, F.; Cosandey, F.; Pereira, N.; Amatucci, G. G. J. Electrochem. Soc. 2003, 150, A1318, A1209. 

1 

‘Kinetic’ Reduction Path 
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Consider diffusion during re-conversion 

Fe0 

Fe3+ 

Fe migrates slowly into LiF and Li+ moves quickly out, so 

maximum oxidation in LixFeF3  will occur. 

Kinetics during Oxidization 



Kinetically favored path (in blue) 

agrees reasonably well with 

experiments1 

Assuming Fe limited 

diffusion favors complete 

oxidation to Fe3+ 

Phase diagram path 

yields voltage profile 

Fe0 

Fe0 

Li+ 

Li+ 

Fe0 

Li+ 

Li+ 

Li+ 

Fe3+ 

 1 Courtesy of Badway, F.; Cosandey, F.; Pereira, N.; Amatucci, G. G. J. Electrochem. Soc. 2003, 150, A1318, A1209. 

‘Kinetic’ Oxidation Path  



Discovering New Intercalation Cathodes 



Extract An+ 

Extract ne- 

Computable Screening Criteria 

Voltage  Capacity   Energy density   

Thermodynamic stability of intercalation phase   

Oxidation strength of charged state (“safety”) 

More properties… 

Adding another property increases 

computation screening power 

Ionic mobility   

Cost, toxicity   



Can we compute all 

computable properties for 

all materials ? 

If we can compute one material…can we do all? 

Yes, computing can 

be scaled! 



DFT+U predicts voltage to about 0.1-0.2V 

+U is fit to binaries  - method is predictive outside its fitted compound 

GGA+U results 



Structural stability   ! 
will we able to synthesize our prediction? 

Li3Mn2O4 " 

Li2O + LiMnO2 + MnO 

MnO 

Li2O 

LiMnO2 

Li3Mn2O4 

1.674 eV (186 meV/atom) 



Structural stability   ! 
is the reaction topotactic? 

LiMn2O4 

Li3K2FeO4 

remove Li 

remove Li 

TOPOTACTIC 

NON -

TOPOTACTIC 

Compare structures removing the mobile ion 



Cathode safety 

How to compute safety?  

 - Oxygen release correlates with oxygen chemical potential of cathode 

? 
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Experience agrees with results 



Developed ability to automatically find diffusion paths for Li/Mg/… in structures.  

Evaluated thousands of known structures... 

Ionic mobility 
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Organized in Materials Properties Database… 

40 
40 

Collaboration with  MIT: Made possible by Gillette (P&G), Bosch and Umicore and BATT 



Three cathode materials discovered 
using high-throughput DFT  

Chemistry Novelty Energy density  

vs. LiFePO4 

% of theoretical 

capacity achieved in 
the lab to date 

LiMnBO3 Compound known 

(new electrochem.) 

50% greater ~45% 

Li3M(PO4)(CO3) 

M=Fe, Mn, ... 

New 40% greater ~45% 

Li9V3(P2O7)3(PO4)2 New 20% greater ~65% 

All three systems  synthesized in Ceder group at MIT during the last 18 months 



Alternate crystal structure of LiMnBO3 
exhibits good performance 

Courtesy of Kim, Moore, Kang, Hautier, Jain, Ceder 
 J. Electrochem. Soc. (2011) 

Chemistry Novelty Energy density  

vs. LiFePO4 

% of theoretical capacity 

achieved in the lab to date 

LiMnBO3 Compound known 

(new electrochem.) 

50% greater ~45% 

Monoclinic phase less thermodynamically unstable and lower Li activation barriers  

hexagonal 

monoclinic 



Previously unknown lithium metal 
carbonophosphates as cathodes 

Chemistry Novelty Energy density  

vs. LiFePO4 

% of theoretical capacity 

achieved in the lab to date 

Li3M(PO4)(CO3) 

M=Fe, Mn, ... 

New 40% greater ~45% 

Courtesy of Chen*, Hautier*, Jain, Moore, Kang, Doe, Wu, Zhu, 

Ceder manuscript in submission 



New polyanion material exhibits 
good electrochemical performance 

Chemistry Novelty Energy density  

vs. LiFePO4 

% of theoretical capacity 

achieved in the lab to date 

Li9V3(P2O7)3(PO4)2 New 20% greater ~65% 

large (~20 micron) particle size 

needs to be reduced 

Courtesy of Jain, Ceder (in submission) 



Pellion Technologies: 
Rechargeable Mg intercalation batteries 



Why Mg ? 

#! CAPACITY: Mg is divalent (Mg2+) thereby displace 

double the charge per ion compared to Li+.  3x in 

volumetric energy, 2x in gravimetric 

#! ANODE: Mg metal can be used as anode (2300 mAh/g) 

#! ELECTROLYTES have been developed for stable Mg 

deposition (Aurbach : > 2000 cycles) 

#! COST:  Mg is much less expensive than Li 

#! RESOURCE SUPPLY:  Mg is 8th most abundant 

element in Earth’s crust.  Has variety of sources. 

Need a high-energy cathode that works with electrolyte and anode 
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Mg Cathode Computational Screening 

Mg Voltage and Capacity of ! 

9,600 compounds computed 

Accurate diffusion barriers 

demonstrate fast Mg kinetics for 
some materials 

Lithium ion 

today 

Diffusion limited 



Computations – Experiments in sync   

Computationally screened 9600 

compounds  

Successfully synthesized 15 different 

candidate cathode compounds (> 100 

samples) 

Cathodes currently under electrochemical 

testing… 



Towards a Materials Genome 



www.materialsgenome.org 
alpha version is online! 



Current Apps – More Coming 

28,300 
SYSTEMS 

>35,000 

REACTIONS 



(DataBase) 

Becoming the Discovery Engine of Materials Science 

Invert the 

design problem 

Share the information 

KY 
CA      

PA 

Calculating ~400 compounds/day 

t th

are thhe iinfformationare the information

Which compounds have 

{x,y,z, …) properties? 

Leveraging the Information Age 

s Science

{

Which compounds 
have {x,y,z,…} 

propertiesh 



….Towards a Materials Genome 
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Shreyas Cholia  
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LBNL EETD 

Kristin Persson 
Michael Kocher 

Computing all properties of all inorganic materials 



The End 


