
4/28/15	  

1	  

Accelerated	  Materials	  Design	  	  
through	  High-‐throughput	  First-‐Principles	  Calcula?ons	  and	  Data	  Mining	  

Kris?n	  Persson	  
Environmental	  and	  Energy	  Technology	  Division	  (LBNL)	  

Outline	  

•  Materials	  Science	  –	  to	  the	  rescue	  for	  a	  sustainable	  
energy	  future	  

•  A	  crash	  course	  on	  density	  func?onal	  theory	  
•  Not	  a	  exascale	  poster	  child	  
•  We	  solved	  the	  compu?ng	  (kinda)	  –	  does	  data-‐driven	  
materials	  design	  work???	  

•  The	  Materials	  Project	  	  -‐	  Towards	  a	  Materials	  Genome	  

security	  

visualiza?on	  

infrastructure	  

transporta?on	  

health	  

communica?on	  

consump?on	  

Engineered Materials Enable Society How	  are	  New	  Materials	  Invented?	  

“Edison	  Style”	  

When	  looking	  for	  a	  light	  bulb	  
filament,	  Edison	  tried	  about	  
3,000	  materials	  

…	  
And	  he	  didn’t	  find	  the	  best	  

one	  …!	  
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Materials Design: Hollywood Style 

Teflon 

Titanium 

Velcro 

1930        1940        1950        1960        1970        1980        1990        2000 

Polycarbonate 

GaAs 

Diamond-like Thin Films 

Amorphous soft magnets 

Materials Data from: Eagar, T.; King, M. Technology Review (00401692) 1995, 98, 42.  

invented Lithium ion 
S. Whittingham 

Sony 

18 Years...from the average new materials discovery to commercialization 

PV TCOs Permanent magnets 

Energy Storage Thermoelectrics 

Solar Fuel 

… 

How to accelerate the innovation and 
development timeline ? 

Materials Innovation Timeline 

How	  to	  compute	  real	  world	  materials	  proper?es?	  
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Quantum	  Mechanics	   Engineering	  
Proper:es	  

Corrosion, 
strength,energy 
density, … 

€ 

Ψ better batteryΨ*

Op?mize	  

“E	  =	  325.67	  kJ”	  

Computa?onal	  Materials	  Science	  	  
and	  	  

First-‐Principles	  Calcula?ons	  
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Aim	  of	  ab	  ini&o	  calcula?ons	  

Atomic Numbers	

Solve quantum mechanics 	


for the material	

Predict physical and chemical 	


properties of systems	


Standard	  DFT	  –	  steady	  state	  

€ 

ˆ H Ψ = EΨ
As	  you	  can	  see,	  quantum	  mechanics	  is	  “simply”	  an	  eigenvalue	  problem	  

Summary	  of	  problem	  to	  solve	  

€ 

ˆ H N ,eΨN ,e RI{ }, ri{ }( ) = EN ,eΨN ,e RI{ }, ri{ }( )

where	  

€ 

ˆ H N ,e = ˆ T N + ˆ T e + ˆ V N −N + ˆ V N −e + ˆ V e−e

Assume	  that	  the	  nuclei	  (Mass	  Mi)	  are	  at:	  
	  R1,	  R2,	  …,	  RN	  

Assume	  that	  the	  electrons	  (mass	  me)	  are	  at:	  
r1,	  r2,	  …,	  rm	  

nucleus	  -‐	  electron	  
interac:on	  

interac:on	  
between	  
electrons	  

kine:c	  energy	  

nucleus	  –	  nucleus	  
interac:on	  

Summary	  of	  problem	  to	  solve	  

€ 

ˆ H N ,eΨN ,e RI{ }, ri{ }( ) = EN ,eΨN ,e RI{ }, ri{ }( )

where	  

€ 

ˆ H N ,e = ˆ T N + ˆ T e + ˆ V N −N + ˆ V N −e + ˆ V e−e

Assume	  that	  the	  nuclei	  (Mass	  Mi)	  are	  at:	  
	  R1,	  R2,	  …,	  RN	  

Assume	  that	  the	  electrons	  (mass	  me)	  are	  at:	  
r1,	  r2,	  …,	  rm	  

nucleus	  -‐	  electron	  
interac:on	  

interac:on	  
between	  
electrons	  

kine:c	  energy	  

nucleus	  –	  nucleus	  
interac:on	  

separable	  

Non-‐separable	  
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Electrons	  are	  difficult!	  

•  The	  mathema?cal	  difficulty	  of	  solving	  the	  
Schrodinger	  equa?on	  increases	  rapidly	  with	  N	  

•  The	  number	  of	  computa?ons	  scales	  as	  eN	  

•  With	  modern	  supercomputers	  we	  can	  solve	  this	  
directly	  for	  a	  very	  small	  number	  of	  electrons	  
(maybe	  4	  or	  5	  electrons)	  

Materials	  contain	  of	  the	  order	  of	  1026	  electrons	  

Quantum power:  Density Functional Theory 

  
H = ∇i

2

i=1

Ne

∑ + Vnuclear(ri)
i=1

Ne

∑ +
1
2

1
rj − rij≠ i

Ne

∑
i

Ne

∑

Interac:on	  with	  nucleus	  
Interac:on	  between	  
electrons	  

Kine:c	  Energy	  
Many electrons 

Replace	  e-‐e	  interac:on	  by	  average	  
poten:al	  

H = ∇i
2

i=1

Ne

∑ + Vnuclear(ri)
i=1

Ne

∑ + Veffective(ri)
i=1

Ne

∑

One electron 

Approximated in the Local Density Approximation (LDA) or Generalized 
Gradient Approximation (GGA) to Density Functional Theory (DFT) 

Veff = average electrostatic potential from other electrons + exchange 
effect (Pauli principle)  +  correlation effects 

Many	  proper?es	  can	  be	  computed	  

stage	  I+II	  

Stage	  II	   Stage	  I	  

stage	  III+II	  

	  +	   	  =	  

ΔH	  =	  [	  E	  (X)	  	  	  +	  	  	  E	  (Y)	  	  ]	  	  –	  	  	  E(XY)	  	  

Photovoltaics,	  Thermoelectrics,	  
Energy	  Storage,	  Hydrogen,	  
Catalysts,	  CO2	  capture….	  

+	  

Computa?ons	  are	  scalable	  (or	  are	  they?)	  

+	  
Total	  energy	  
Op:mized	  structure	  
Magne?c	  ground	  state	  
Charge	  density	  
Band	  structure	  /	  DOS	  
…	  etc	  
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High	  Throughput	  Scien?fic	  Compu?ng	  

17	  

So	  you	  have	  access	  to	  150K	  cores,	  now	  what?	  

Gartner	  Hype	  Cycle	  :	  graphic	  representa?on	  of	  the	  maturity	  and	  adop?on	  of	  
technologies	  and	  applica?ons	  

Bummer	  –	  ‘exascale’	  not	  working	  for	  DFT…	  L	  	  

DFT	  codes	  are	  trivially	  parallelizable	  over	  k-‐points	  	  
	  
BUT	  aser	  every	  reciprocal	  k	  point	  calcula?on	  –	  all	  the	  energies	  
(informa?on)	  have	  to	  be	  assembled	  to	  calculate	  charge	  density	  
and	  total	  energy…	  happens	  hundreds	  of	  ?mes	  per	  calcula?on.	  
	  
too	  much	  communica?on	  between	  nodes!	  	  
	  
More	  sophis?cated	  parallelliza?on	  schemes	  exist,	  but	  fact	  remains	  
–	  no	  DFT	  code	  scales	  beIer	  than	  30-‐40	  nodes	  
	  
So	  what	  do	  we	  do?	  We	  run	  one	  material	  per	  node…no	  
intercommunica:on	  needed	  and	  large	  #	  nodes	  can	  be	  requested	  

20	  
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non-‐predictable	  wall?mes…	  
•  Our	  computa?ons	  have	  rather	  unpredictable	  run?mes	  
• 	  	  	  	  	  Think	  swarms	  of	  workers	  –	  one	  is	  very	  slow,	  another	  one	  terrible	  efficient…	  	  

#	  atoms	  

#	  
el
ec
tr
on

s	  

High-‐Throughput	  Materials	  Compu?ng	  

•  Requires	  scheduler	  or	  run-‐?me	  tools	  to	  
facilitate	  running	  large	  numbers	  of	  jobs	  with	  
variable	  dura:on	  :me	  

•  Inverse	  of	  typical	  large-‐scale	  simula?ons	  of	  
inter-‐connected	  tasks	  (climate,	  astronomy,	  …)	  

	  

Shared	  Resources:	  Some	  Challenges	  are	  Unavoidable	  

•  Long	  “small”	  jobs	  and	  short	  “large”	  
jobs	  are	  natural	  enemies,	  hard	  to	  
co-‐schedule	  	  

•  Don’t	  get	  mad,	  get	  even	  (or	  get	  
things	  done)	  	  

•  Get	  the	  throughput	  you	  want	  	  
•  Read	  the	  queue	  policies	  

23	  

small	  

la
rg
e	  

?meà	  

co
re
sà

	  

long	  queue	  wait	  

Real	  job	  data	  from	  NERSC	  

short	  queue	  wait	  

Example	  of	  challenge	  overcome:	  
HPC	  vs	  HT	  barrier	  

4/28/15	   24	  
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Why	  does	  this	  mauer?	  
•  NERSC	  offers	  us	  40	  million	  CPU-‐hours	  /	  year	  

–  A	  16-‐core	  worksta?on	  would	  take	  285	  years	  to	  produce	  that	  
data…	  

•  But	  we	  can	  only	  leverage	  that	  ?me	  if	  we	  follow	  their	  policies	  
•  We	  will	  never	  get	  close	  with	  small	  jobs	  

–  queued	  job	  limit	  
–  wall?me	  limit	  

•  Need	  to	  play	  by	  their	  rules,	  which	  are	  designed	  for	  massive	  
single	  simula?ons	  

4/28/15	   25	  

Automa?c	  job	  packing	  

4/28/15	   26	  

Ok	  –	  we	  fixed	  the	  compu?ng	  –	  what	  about	  
new	  materials???	  

	  
High-‐throughput	  Materials	  Design:	  

Alkaline	  baueries	  

O	  

A	   B	  

AO	  

AO2	   BO2	  

AB2O3	  

ABO4	  

ABO	  

x	  in	  ABOx	  

V ABO4+AO+AB2O3	  

4 23 1 0

AO+AB2O3+ABO	  

ABO+A+B	  Vcutoff	  

MnO2	  

Zn	  

Finding	  higher	  energy	  density	  cathode	  

MnO2+H2O+Zn	  -‐>MnOOH	  +	  ZnOH2	  	  	  	  	  	  	  	  	  	  	  

SPECS:	  	  
Higher	  energy	  density	  	  
Both	  reactants	  and	  products	  stable	  in	  high	  molar	  KOH	  
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Need	  to	  model	  reac?ons	  at	  pH	  =	  15	  

2MnO2+H2O+Zn	  -‐>2MnOOH	  +	  ZnO	  	  	  	  	  	  	  	  	  	  	  
M. Pourbaix, “Atlas of Electrochemical Equilibria in 
Aqueous Solution”, Pergamon Press, Paris (1966). 

Our	  calcs	   exp	  

Alkaline	  cell	  reac:on	  

-2 0 2 4 6 8 10 12 14 16
pH at 25 °C
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Mn++
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MnOOH

Mn(OH)2
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-

CALC.
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pH at 25 °C
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)

2H
2O ---> O

2+4H++4e-

2H
2O+2e- ---> H

2+2OH-

MnO4
-

EXP.

MnO2

Mn++

Mn

Mn2O3

Mn(OH)2

MnO4
--

HMnO2
-

Mn+++

Mn3O4

Known	  	  
compounds	  

New	  	  
compounds	  

permuta?on	  strategy	  
Database	  

Ini?al	  screening	  	  
(phenomenological)	  

Computa?onal	  	  

Screening	  

Candidate	  materials	  

Data	  mining	  

30,000	   ~	  100,000	  

~	  100,000	  -‐	  200’000	  

≈	  10,000	  -‐	  20’000	  

The	  Screening	  Strategy	  

ü Solid	  Stability	  
ü Solubility	  	  
ü Voltage	  
ü Capacity	  

High	  nega?ve	  forma?on	  energy	  

Nega?ve	  forma?on	  energy	  

Posi?ve	  forma?on	  energy	  

High	  posi?ve	  forma?on	  energy	  

Which	  ca?on	  stabilizes	  	  
another	  ca?on	  

Design	  stable	  	  
solids	  

Materials	  Design:	  Solid	  Stability	  Pauerns	  
High dissolution energy 
Moderate dissolution energy 
No dissolution energy 

Which cations dissolve 

Design	  stable	  	  
solids	  at	  high	  pH	  

Materials	  Design:	  KOH	  Instability	  
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0.0 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1.0 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V
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Energy Density (Wh/cm3) 

Predicted	  alkaline	  cathode	  	  
material	  performance	  	  >	  130,000	  compounds	  considered	  

• 	  30,000	  known	  from	  ICSD	  	  
• 	  >	  100,000	  new	  generated	  	  

>	  1500	  compounds	  
ü 	  Capacity	  >	  1	  Ah/cc	  
ü 	  1.1	  V	  <	  Ave	  voltage	  <	  2.2	  V	  
ü 	  Energy	  density	  >	  1.7Wh/cc	  

≈	  200	  compounds	  
ü 	  Reactant	  stable	  in	  air	  
ü 	  Reactant	  stable	  in	  9N	  KOH	  
ü 	  Product	  stable	  in	  9N	  KOH	  

Tier	  1	  	  

Tier	  2	  	  

MnO2	  

Candidate	  Compounds	  and	  Design	  Rules	  

End	  result	  –	  200	  compounds	  predicted	  to	  outperform	  current	  cathode	  AND	  are	  
predicted	  stable	  (through	  en:re	  reac:on)	  in	  9	  M	  KOH	  

Bi5+	  	   Ni4+	  	  
Several	  patents	  filed	  by	  Duracell	  	  

70%-‐80%	  of	  cell	  cost	  is	  materials	  

Small	  car:	  4	  miles/kWh;	  100	  miles	  =	  $10,	  000	  baIery	  

Higher	  kWh/volume	  reduces	  cost	  per	  kWh	  of	  stored	  energy	  

Lithium-‐ion	  baueries	  for	  electric	  vehicles	  

Doc:	  “No,	  no,	  no,	  no,	  this	  sucker's	  electrical,	  
but	  I	  need	  a	  nuclear	  reac&on	  to	  generate	  the	  
1.21	  gigawaBs	  of	  electricity	  !	  “	  

1989	   2012	  

Novel	  Materials	  for	  Li-‐ion	  Baueries	  

4/28/15	   35	  

Chen, Hautier, Jain, Moore, 
Kang, Doe et al. 

Chemistry of Materials 
(2012) 

Chen, Hautier, Ceder 
JACS (2012) 

Hautier, Jain, Chen, Moore, 
Ong, Ceder 

J. Materials Chemistry 
(2011) 

Bi5+	  	   Ni4+	  	  

It’s	  just	  the	  beginning…	  
Completely	  new	  materials	  predicted	  and	  synthesized	  based	  on	  
computa?onal	  predic?ons	  

2011:	  	  
Novel	  class	  of	  Li	  ion	  electrodes	  

2005:	  	  
Novel	  stable	  alkaline	  baGeries	  

2013:	  	  
Improved	  transparent	  conductors	  
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The	  Materials	  Project:	  	  
A	  Growing	  Public	  Resource	  

q   Over 59,000 
compounds"
"
q  Growing monthly"
"
q  Multiple property sets   "

q  Multiple tools"

Today’s	  Status:	  

MP	  Capabili?es	  
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What	  typically	  slows	  down	  computa?ons?	  

4/28/15	   41	  

Input generation 
(parameter choice) 

Workflow mapping Supercomputer 
submission / 
monitoring 

Error 
handling 

File Transfer 

File Parsing / 
DB insertion 

Custom material 
Submit!	  

Dynamic	  workflows	  can	  be	  programmed	  

4/28/15	   42	  

A	   A	  

Detours 

(based on result, insert a new step before resuming) 

Branches / Additions 

(based on result, modify or add to the workflow) 

Duplicate Job detection 

(if two workflows contain an identical step, 
ensure that the step is only run once) 

hup://pythonhosted.org/FireWorks	  

structure 

charge 

Band 
structure 

DOS 

Optical 

phonons 

Community	  can	  write	  any	  
workflow	  in	  FireWorks	  
à	  	  
We	  can	  automate	  it	  over	  the	  
world’s	  most	  powerful	  
computers!	  
	  
Add	  more	  steps	  later	  without	  
having	  to	  rerun	  everything	  

XAFS 
spectra 

GW 

Input processing & transformations 

ICSD	   Other	  experimental	  databases	   User	  submissions	  

StructureNota?onalLanguage	  (SNL)	  

Supercomputing Resources 
 
 
 
 
 

Workflow  
Manager 

Post-processing and  
error-checking 

Web	  apps	  

Materials	  API	  
Analysis 
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Supercomputing Resources 
 
 
 
 
 

Input processing & transformations 

ICSD	   Other	  experimental	  databases	   User	  submissions	  

StructureNota?onalLanguage	  (SNL)	  

Workflow  
Manager Post-processing and  

error-checking 

Web	  apps	  

Materials	  API	  
Analysis 

• Robust	  materials	  analysis	  

pymatgen	  

• Self-‐healing	  error	  recovery	  

Custodian	  

• Smart	  workflow	  management	  

Fireworks	  

Does	  anyone	  
remember	  how	  to	  run	  
‘GoBabyMonte.c’	  ???	  

Nah	  –	  Bob	  les	  in	  
1996…. 	  	  

How to Build Robust Software that Lasts? 

•  Open-‐source	  
–  More	  eyes	  =>	  robustness	  
–  Contribu?ons	  from	  all	  over	  the	  

world	  

•  Benevolent	  dictators	  
–  Unified	  vision	  
–  Quality	  control	  

•  Clear	  documenta?on	  
–  Prevent	  code	  rot	  
–  More	  users	  

•  Test,	  test,	  test	  
–  Con?nuous	  integra?on	  to	  

ensure	  code	  is	  always	  working	  

Sosware	  Management	  Philosophies	  

•  Pymatgen	  
•  Custodian	  

•  Fireworks	  

World	  Wide	  Usage	  
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Materials	  	  
Project	  DB	  

How do I 
access MP 

data? 

Op?on	  1:	  Direct	  Access	  to	  DB	  
	  

W
eb

 A
pp

s 

Op?on	  2:	  Web	  Interface	  	  

M
at

er
ia

ls
 A

P
I 

Op?on	  3:	  REST	  Interface	  

A	  REST	  API	  maps	  a	  URL	  to	  a	  resource.	  
	  
Example:	  
	  
GET	  hups://api.dropbox.com/1/account/info	  
	  
Returns	  informa?on	  about	  a	  user’s	  account.	  
	  
Methods:	  GET,	  POST,	  PUT,	  DELETE,	  etc.	  
	  
Response:	  Usually	  JSON	  or	  XML	  or	  both	  

hups://www.materialsproject.org/rest/v1/materials/Fe2O3/vasp/energy	  

Preamble	  

Iden:fier,	  typically	  a	  
formula	  (Fe2O3),	  id	  
(1234)	  or	  chemical	  
system	  (Li-‐Fe-‐O)	  

Data	  type	  
(vasp,	  exp,	  
etc.)	  

Property	  

Request	  
type	  

Improved	  
accessibility	  of	  

data	  

More	  
developers	  of	  
analyses	  and	  

apps	  

Increased	  data	  
value	  
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q  Launched	  online	  Oct	  2011	  
q Users:	  ~12,000	  registered;	  ~300	  users	  log	  on	  every	  day	  
q  31	  published	  internal	  papers	  
q  55+	   publica:ons	   from	   non-‐funded	   PIs/groups	   ci:ng	  

significant	   use	   of	   Materials	   Project	   informa:on/
algorithms	  in	  paper	  	  

q  277	   publica?ons	   ci?ng	   the	   Materials	   Project	   as	   a	  
community	  resource;	    

q  8	  million	  records	  downloaded	  through	  API	  with	  >100	  dis?nct	  users	  
q Ac:ve	   Partnerships:	   JCAP,	   JCESR,	   NREL-‐EFRC,	   Minnesota	  

MGI	   Center	   on	   Porous	  Materials;	   U	   Leuven,	   U	  Wisconsin-‐
Madison	  (MaterialsHub),	  EPFL,	  …	  

q 	  Course-‐ware	  :	  UC	  San	  Diego,	  UC	  Davis,	  UC	  Irvine,	  U	  
Michigan,	  Johns-‐Hopkins,	  Cornell,	  MIT,UC	  Santa	  Barbara…	  

q Companies:	  Toyota,	  Sony,	  Bosch,	  3M,	  Honda,	  Samsung,	  LG	  
Chem,	  Dow	  Chemicals,	  GE	  Global	  Research,	  Intermolecular,	  
Applied	  Materials,	  Energizer,	  Advanced	  Materials,	  General	  
Motors,	  Corning,	  DuPont,	  	  Nippon	  Steel,	  L’Oreal	  USA,	  
Caterpillar,	  HP,	  Unilever,	  Lockheed	  Mar?n,	  Texas	  
Instruments,	  Ford,	  Bose,	  Sigma-‐Aldrich,	  Siemens,	  Raytheon,	  
Umicore,	  Seagate,	  …	  

 The Materials Project Impact!

10,000	  users	  

From	  single	  en??es…	  

! 

…	  towards	  a	  
materials	  genome	  
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Thanks	  for	  your	  auen?on!	  


