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-
Take-Home Message 1

30 years ago, John Maddox declared that our inability to predict new crystal structure from its chemical
composition is a “scandal in the physical sciences” ...[Nature 335 (1988), p. 201]

. who knows the Potential Energy Surface (PES) of a material ?
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Take-Home Message 1

30 years ago, John Maddox declared that our inability to predict new crystal structure from its chemical
composition is a “scandal in the physical sciences” ...[Nature 335 (1988), p. 201]

. who knows the Potential Energy Surface (PES) of a material ?
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. no one !

Marie-Liesse Doublet (ICGM) DFT February 6, 2018

2/34



|
Exploration of the PES

e Structural relaxations in perdiodic DFT codes

A(ri ,Ra) = HE (ri)  Choice of the DFT XC functional

DFT oE
Egs'[pl — 57,  Hellmann-Feynman forces

Initial Structure

A0,
,,/’,;"I:"“"@““\‘&&\‘:‘}'Illl/,"f‘\‘

2 :':,‘ ;.“ “”’g ;‘R{\'(f{'//','" S :\
A

Local minimum
-3
¥ X

Marie-Liesse Doublet (ICGM) DFT February 6, 2018



|
Exploration of the PES

e Structural relaxations in perdiodic DFT codes

A(ri ,Ra) = HE (ri)  Choice of the DFT XC functional

DFT oE
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LOCAL energy minimization procedures !
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Exploration of the PES

e Structural relaxations in perdiodic DFT codes

Constrained simulation boxes =~ — Impact on Polymorphism

Fully ordered structures ~ — No statistical distribution

Initial Structure
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Exploration of the PES

e Sampling Methods — Global minimization procedures

o Stochastic algorithms

Simulated annealing (Thermostat)
Random displacements / perm.

o Genetic algorithm

Crystallographic populations gg'o

i 1 1 II \\
Darwin principle /‘ ": "\‘\“&‘
S

o Bayesian algorithm

Occurrence probability
Neuronal networks

Growing interest in the past 15 years (high-throughput calculations)
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Stochastic Methods

e How to get around energy barriers of PES?

o Use temperature + quenching

o Less and less used in condensed matter

o Random atomic distributions / permutations

o More and more used in condensed matter
The more you check, the more confident you are on the results ..

no limits !
You can afford "coarse” calculations to screen / identify more interesting areas
e Doublet (ICGM)

DFT
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Bayesian / Genomic Methods

Material Project
G. Ceder - MIT
(2006)

¢ i

BAYESIAN ALGORITHM
Probabilistic
Neuronal networks

Marie-

iesse Doublet (ICGM) DFT

USPEX
A. Oganov - NYU
(2006)
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-
GENETIC ALGORITHM
Evolutionary

Darwin principle

February 6, 2018 7/34



-
Bayesian / Genomic Methods

Material Project
G. Ceder - MIT
(2006)

BAYESIAN ALGORITHM
Probabilistic
Neuronal networks

Marie-

iesse Doublet (ICGM)

Corindon Al,04
Hematite Fe,05
Eskolaite Cr,0,
Karelianite V,05
Tistarite Ti,05

DFT

USPEX
A. Oganov - NYU
(2006)
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Bayesian / Genomic Methods

Material Project
G. Ceder - MIT
(2006)

BAYESIAN ALGORITHM
Probabilistic
Neuronal networks

Corindon Al,04
Hematite Fe,05
Eskolaite Cr,0,
Karelianite V,05
Tistarite Ti,05

USPEX
A. Oganov - NYU
(2006)

'

-
GENETIC ALGORITHM
Evolutionary
Darwin principle

Structure populations injected in periodic codes to perform Local Energy Minimizations

iesse Doublet (ICGM)
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Bayesian / Genomic Methods

Material Project
G. Ceder - MIT
(2006)

BAYESIAN ALGORITHM
Probabilistic
Neuronal networks

Marie-Liesse Doublet (ICGM)

Performances
PES sampling v
Numerical cost v
Exotic structures v
DFT

USPEX
A. Oganov - NYU
(2006)

{

-
GENETIC ALGORITHM
Evolutionary

Darwin principle
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|
The Material Project Initiative (MIT / Berkeley)

Harnessing the power of supercomputing and state of the art electronic

structure methods, the Materials Project provides open web-based
The access to computed Information on known and predicted materlals as

Materi a Is well as powerful analysis tools to inspire and design novel materials.
PrOiECt [ERREE) & v o s using

it 5. e = 27511 00

EXPLORE MATERIALS  EXPLORE BATIERIES VISUALIZE STABILITY INVENT STRUGTURES CALEULATE
nd Design.
Intormation by materiais for Enlum pourbalx dlagrams to Wi our structure edsor 110,000+ roactons
chomistry, composition, batteries. Get voitage find stabi phases and and substitution ‘and compare win

Huge open source database - Just play with it !
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The Material Project Initiative (MIT / Berkeley)

Explore Battert
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The Material Project Initiative (MIT / Berkeley)
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Combinatorial Approaches (Bayesian or Genetic)

.
2

e Others
Intermetallics.
— Halides
w— Sulfides
m— Oxides

g g
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per year from the ICSD

Very powerful to discover new structures but ...
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Combinatorial Approaches (Bayesian or Genetic)

—Others
350 1 Intermetallics
= Halides

e Sulfides

w— Oxides

- Experiments
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number of temary oxides discovered
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~athluline Sep  Dec
1930 1940 1950 1960 1970 1980 1990 2000 201 2011 2011 2012 2012 2012 2012
per year from the ICSD

Very powerful to discover new structures but ...

e Thermal contributions not accounted (DFT enthalpies rather than Gibbs energies)
e Perfectly ordered phases

e What about interpretations ?
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Combinatorial Approaches (Bayesian or Genetic)
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Very powerful to discover new structures but ...

e Thermal contributions not accounted (DFT enthalpies rather than Gibbs energies)

e Perfectly ordered phases

e What about interpretations ?

... how many of them will be synthesized?
... how many of them will have the targeted properties?

Marie-Liesse Doublet (ICGM)
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Example 1

e The tavorite LiIFeSO4F electrode

Tavorite Structure V (volt)

S04F + Li > Li

ABSOLF + Li — LiAgSOLF

CoS0.F +Li — LiCoSOF 4.93
CrSOLF + Li — LiCrSO.F 2.95
CuSOLF +Li — LiCuSOLF 5.09
MnSOF + Li — LiMnSOF 427

NiSO4F + Li — LiNiSOzF 5535]

Mueller et al. Chem. Mater. 23 (2011) 3854

ublet (ICGM)




Example 1

e The tavorite LiIFeSO4F electrode

Tavorite Structure V (volt)
FeSOF + Li — LiFeSO,F 3.6
AgSOsF + Li — LiAgSOsF 4.98
CoSO4F +Li — LiCoSO4F 4.93
CrSO4F + Li — LiCrSO.F 2.95
CuSOLF +Li — LiCuSOsF 5.09
MnSO,F + Li — LiMnSO.F 4.27

NiSO.F + Li — LiNiSO.F 5.35

Experimental
Structures

EXP

Tavorite
Pooror no

electrochemical activity

Triplite
Triplite

Tavorite

Mueller et al. Chem. Mater. 23 (2011) 3854
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-
Take-Home Message 2

Computational (high-throughput) Approaches can be very powerful but need to be

combined with Conceptual Approaches to perform better

Mix Algorithms & Computations
with Concepts & Chemical Knowledge

Marie-Liesse Doublet (ICGM) DFT February 6, 2018 16 / 34
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Mixing Algorithms with Chemical Knowledge

Electrochemical Reaction : CoP + 3Li = Co® + LizP

@ Use what you know about metal environment, chemical bonding, crystallography to built hypothetical but
realistic initial populations

@ Use stochastic procedures to make random displacements and/or permutations

© Compute "Phase Stability Diagrams”

DFT x ( EDFT | FDFT « £DFT
AfH(x) = Ejj cop — {5 (ECOO + EL/'3P) + X Ecy }

+d

+ &
200 s @ e i
* 2
o~ o o
) o
= +
~ o
% CoPe: — —® Li;P + Co’
g E -7
= N + e
:“ Nt o
200 ‘s 2 }
L \\“&"/ L L L "
00 05 0 15 2.0 25 3.0
x in Li,CoP

Check the dynamic stability with phonons or experiments

iesse Doublet (ICGM) DFT February 6, 2018 17 / 34



Mixing Computations with Crystal Structures Analysis

(2006) Electrochemical Reaction : FeF3(R3c) +0.5Li — Liy s FeFs3(P42nm)
(2017) New Mechanism : NaFeFs — 1Na — FeF3(Pm3m) FeFs + Li(Na) < Li(Na)FeFs

Na (empty) mPm-3m

80.0 i (filled) mPnma
mR-3c
40.0 W P42nm

AgH (meV/FU)
u\%.

0 0.2 0.4 0.6 08 1
xinAFeF; (A = Na,Li)

Kinetic vs. Thermodynamic control
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Mixing Computations with Crystal Structures Analysis

(2006) Electrochemical Reaction :
(2017) New Mechanism : NaFeFs — 1Na — FeF3(Pm3m)

FeF3(R3c) +0.5Li —> Lig.5FeF3(P42nm)

FeFs + Li(Na) < Li(Na)FeFs

mPm-3m
W Pnma
mR-3c
400 - WP42nm

Na (empty)
800 Li (filled)

AgH (meV/FU)
u\%.

-40.0
-80.0
o
-120.0
-
-160.0
0 0.2 0.4 0.6 0.8

xinAFeF; (A = Na,Li)

Kinetic vs. Thermodynamic control

Marie-Liesse Doublet (ICGM)

- AG* Kineticbarriers

Oh corner-sharing

Pm3m

AG Thermodynamic

Tilt / Twist of FeFg

Oh corner-sharing

Pnma R3c

“‘ .
““ ‘ T*;:_ % ‘ Bond breaking / formation
° Oh corner/edge-sharing
o
P4snmn

Decomposition
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Statistical Distribution / Disorder
e How to account for fractional site occupations with PERIODIC DFT CALCULATIONS?

Marie-Liesse Doublet (ICGM)

DFT



Statistical Distribution / Disorder
e How to account for fractional site occupations with PERIODIC DFT CALCULATIONS?

2 x 1 x 1 supercell

Marie-
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Statistical Distribution / Disorder

e How to account for fractional site occupations with PERIODIC DFT CALCULATIONS?

2 x 2 x 1 supercells

1) Use Lattice Model to build Cluster Expansion of Energy

E(o) =Eo+ 3 Vioi+ 3> ;s Vijoij+ ...

Marie-Liesse Doublet (ICGM) DFT February 6, 2018 19 / 34



Statistical Distribution / Disorder

\\\v//n\\v/

9003

2) Sometimes cheaper to look at Local Chemical Bonds
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Statistical Distribution / Disorder

2) Sometimes cheaper to look at Local Chemical Bonds

2 # sites M1 and M2
LiFe**SO4F

4900 configurations !

Marie-Liesse Doublet (ICGM)
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Statistical Distribution / Disorder

2) Sometimes cheaper to look at Local Chemical Bonds

2 # sites M1 and M2
LiFe**SO4F

Fe?t — Fe2t

4900 configurations !

e corner-sharing (d=3.6A)
o edge-sharing (d=3.1A)

Marie-Liesse Doublet (ICGM)

DFT



Statistical Distribution / Disorder

2) Sometimes cheaper to look at Local Chemical Bonds

2 # sites M1 and M2

Fe?t — Fe?t
e corner-sharing (d=3.6A)
e edge-sharing (d=3.1A)

4900 configurations !

50 “DDDDD“DDD“FES.?‘F
o 48] ¢ Tav
E o corner
I 461 o O mix#1
g SRR o
g 449 X mix#3
8 ;
S a2 g § % § § 8 i § % g §I X mixi#4
3 8 88 8 g o 8 O 0 g o mix#d
3 407 o o < edge#
£ 6 Q-0 0 edge#2
3 384 co e 4 edgett3
T edgei4

é\@@@,@,ﬁb\@@é\@@ < edge#5
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Statistical Distribution / Disorder

2) Sometimes cheaper to look at Local Chemical Bonds

2 # sites M1 and M2

Fe?t — Fe?t
e corner-sharing (d=3.6A)
e edge-sharing (d=3.1A)

4900 configurations !

50 ERr— = o FeSOF Fe3t — Fe3t+
o o o * Tav .
5 4 S comer e corner-sharing (d=3.6A)
g o
o 444 X mix#3
8 ! 3 ;
Cuf BR38gg8g i) ma
o 8 8 8 8 g a 8 o 3
% 401 ¢ o o < edge#1
£ Q-0 O edge#2
S 38 °° °° ° q edge#s
T edge#4
Y ODNADAD N A OS < edge#d
ISES AN AN AN NS NN
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Statistical Distribution / Disorder

2) Sometimes cheaper to look at Local Chemical Bonds

4900 configurations !

50 —c
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<
+
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>
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Marie-Liesse Doublet (ICGM) DFT

FeSO,F
+ Tav
o corner
o mix#1

o mix#2
X mix#3
X mix#4
O mix#5
< edge#l
O edge#2
< edge#3

edge#4

< edge#5

2 # sites M1 and M2

Fe?t — Fe?t
corner-sharing (d=3.6A)
edge-sharing (d=3.1A)

Fe3t — Fe3t
corner-sharing (d=3.6A)

Still consistent with
M1/M2 disorder

Equivalent results
whatever Ug, (2-6 V)
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|
Take-Home Message 3

Sometimes computations are less required than chemical intuitions, basic rules of
chemical bonding, electronegativity, polarisability ... to make rational design of new

materials
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|
Take-Home Message 3

Sometimes computations are less required than chemical intuitions, basic rules of
chemical bonding, electronegativity, polarisability ... to make rational design of new
materials

Most often, the "ideal structure / phase” you are looking for to improve one given
target property / application already exists in the crystallographic databases.
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|
Take-Home Message 3

Sometimes computations are less required than chemical intuitions, basic rules of
chemical bonding, electronegativity, polarisability ... to make rational design of new
materials

Most often, the "ideal structure / phase” you are looking for to improve one given
target property / application already exists in the crystallographic databases.

You just don’t know where to search it ...
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Tuning a Property through Material Functionalization

Energy (eV)

Transport Optical Doping Magnetism
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Design of Redox Materials

nLi

e
IIV II EnérgyDensiwL Vix)dx
2 OLi| | g e
5 — [PFHE 2
z (4] 8 3
' o
o
Capacity (mAh/g) T
Discharge / Charge

Li,A 2 A+nLit +ne”

1
Potential V(Volt) = — — AG
C+ TI'.LI:+ +ne” = L[’ﬂc

Axp, F
C+Li,AZ2Li,C+A Capacity  C(mAh/g) = —r—
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Design of Redox Materials

Goodenough (1997)

e Conceptual Approach to the Potential

Marie-Liesse Doublet (ICGM)

HyityLio

.uMn+/M(n71)+

DFT

Vx




Design of Redox Materials

e Conceptual Approach to the Potential
Molecular Orbital Picture (local)

P S P

AN

V Mm/M(nJV

MI’H(d) % o 8 S E E oo E‘mo
[ ]
0>(p) % + Covalent 0—S0; bond
* Polarization of the electron density
8 ¥ + Increase of the M-0 bond ionicity
Marie-Liesse Doublet (ICGM) DFT
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Design of Redox Materials

Goodenough (1997)

e Conceptual Approach to the Potential
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Design of Redox Materials

e Conceptual Approach to the Potential
Goodenough (1997)

try

14

1 Hpit/Lie

.uMn+/M(n71)+

Marie-Liesse Doublet (ICGM)

Vx

LiFeSO F
Li,Fe(SO,),
LiFeSO OH

| Fel (a.u.)

3
Li,FeSiO,

.
[
v
.
[
a
*
.

DFT February 6, 2018 26 /34



Design of Redox Materials

e Conceptual / Perturbative Approach to the Potential

= 10+ 2n + qoVulm) + 9gVu(i)

V « AEH/@ + AEH/&)

r L |

Electronic lonic . .
Chemical Potential

“he &‘? l N

ChemicalHardness 5 = o
n

2n
R ‘ :> Electrostatic terms

\
1)

—eVy Iﬂl;ﬁ ’\‘ui
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Design of Redox Materials

e Conceptual / Perturbative Approach to the Potential

V « ﬂEer + AEH/EB

Electronic lonic

N [+]
f\g N

Cobalt

25 30 35 40 45 50
Veap (V)

Marie-Liesse Doublet (ICGM)

© 0 0de %A rmedme

LiFeSO F

Li,Fe(s0,),
LiFeSO,0H
LiFePO,F
LiFePO,
Li,FePO,OH
Li,FeP,0,
LiFeBO,
Li,FeSiO,
LiCoSO,0H
Li:CﬂPﬂdF
LiCoPO,

Li,CoSiO,

1420 + qeVu(ng + deVu(r)

Short-Range Long-Range
‘ N
M-L |

7T

-t

o Works pretty well
o New SR and LR Descriptors

o We know where to search in the
database ...
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Design of Redox Materials

e Conceptual Approach to the Capacity

J. Rouxel (1996) “Anion-cation redox competition and the formation of new compounds in
highly covalent systems”

|

1 Redox Band

v

2 Redox Band
7' MX bond covalency

Cationic & Anionic Redox

“ Anion Inductive effect

PARADOX
High Potential = 7~ Ay
High Capacity = ~ Ay

Marie-Liesse Doublet (ICGM)



Design of Redox Materials

LiMO,
2 —
o]
4=
2px 2py 2pz
T
E 25

) (M-0)* Antibonding
)(M-O) Bonding

0(25) lone-pair

know to be instable when removing Li
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Design of Redox Materials

LiMO, Li,MO;

2px 2py 2pz

(M-0)* Antibonding e
P+

S O(2p) lone-pair
)(M 0) Bonding

v

0(2s) lone-pair 0O(2s) lone-pair

Known to be instable when removing Li Work much better but not for all TMs
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Design of Redox Materials

Mott-Hubbard U < A Intermediate regime
U~A
d-band < I U
AU
A [
|Op-states

M(4d), M(5d) High Energy Density

ChargeTransferlJ > A

M(3d) Structure Instability

Energy & Envir. Sci. 17, 5942-5953 (2017)

Marie-Liesse Doublet (ICGM) DFT
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Design of Redox Materials

e Voltage vs. Oy release

=e fit

oos

© leep

o o Si

o, eoB

00} .

ﬁ“m S8 08 o © ee o0
o g
o, Oep0®

02 release T (Celsius)
02 release T (Celsius)

kinetic'; 5 5 4 5 kinetig 25 3.0 35
Voltage (V) Voltage (V)

PCCP 17, 5942-5953 (2015)

Do you really need so many calculations were needed ?
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Conclusions

Never forget that low-energy properties of materials are mainly governed / dictated
by crystal structures and local chemical bonding !

e Global exploration of PES are very tough procedures that sometimes work, sometimes not.
Not necessarily related to DFT weakness when it fails !

e Computational (high-throughput) calculations must be combined with more Conceptual
approaches to accelerate the discovery of new materials

e Almost all physical / chemical properties can be rationalized with meaningful descriptors
that help guiding experimentalists towards new directions

Never forget that the "ideal structure” of the property you target for the next Nobel
Price is most likely already in ICSD ! Think more about meta-stability for
breakthrough...
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