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Computational Materials Design =

* Many material properties are determined at
the electronic/atomic/molecular level

* Improved methods to calculate “ab initio”
guantum properties for larger systems

* Increased computational speed (Moore’s law:
doubling of CPU performance every 3 years)

* Parallel screening of thousands of materials

Descriptors

i

What do we want:

* Battery: High power, rechargeability, long lasting...
Chemical reactor: High Turn-Over-Frequency

* Structural material: High strength, ductility...
Solar cell: High solar to electrical energy conversion efficiency
Photoelectrochemical cell: High solar to fuel conversion efficiency

“Real material"

Identifying key parameters
Multiscale modeling

C] ) What can we compute at the electronic/atomic level?
“Descriptors”!
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Computing




“Materials Selector”

Great variety of materials
Multi-dimensionality
Known materials
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Lithium cathode material
optimization

e _discharge I¢I charge e-
11
Cathod Electrolyte
athode:
- LiCoO, commonly used
Wishlist: discharge, ..
- Reversible intercalation of Li ions - "
- High cell voltage P G s N
- Low weight ﬁ_r_u))de ﬁ_iii“’:’?gg)
- Cheap i X
- -
> + ~
Descriptor! .
What is calculated? Li-induced L e
Energy change in the reaction: charge density ;
Li MO, + (y-x)Li -> LinO in (Aly,,Co, )0, u
(related to potential of intercalation)
L& d s a
- - -
New material suggested: Li(Co,AD)O, ,. @) - (a"’ {.

G. Ceder, Y.-M. Chiang, D. R. Sadoway, M. K. Aydinol, Y.-I. Jang, B. Huang, Nature 392, 694 (1998)

Design of superalloys with genetic algorithm =

Superalloys

* Mechanical strength

* Resistance to thermal creep ——
* Surface stability

* Resistance to corrosion and oxidatio

Descriptor?
* Try alloy heat of formation
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G. Johannesson, Thomas Bligaard, A. Ruban, H. L. Skriver,

K. W. Jacobsen, and J. K. Nerskov, Phys. Rev. Lett. 88, 255506 (2002)
T. Bligaard, G. Johannesson, A. V. Ruban, H. L. Skriver,

K. W. Jacobsen, and J. K. Nerskov, Appl. Phys. Lett. (2003)




Individuals: 4 atoms
Mn |Fe |Co |Ni |Cu |Zn
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Selection fitness: Large negative heat of formation

Initial population: 20 alloys EEEEEEEEEEEEEEEEEEE

Add 40 offsprings

Add 40 mutants

Select the 20 best ones

(largest (negative) heat of formation)
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Learnlng along the way... -

1. run -> All bcc. Known to be brittle -> Focus on
stable fcc

2. run -> Early-late TM combinations. Almost
always Pd or Pd -> focus on cheaper
materials

3. run -> Dominated by Si, environmentally
brittle -> Through out Si

4. run




Searching for fcc, cheap and no Si

>
>
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AlNiy
Ni;Ti
HiNij
Al,Ti,
Al;Sc
Al,Zr,
AlLZnZr
Al,Sc,
Ni;Sc
AlZr
ALTiZn
Al,ScZn
ALTi
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NiyZr
ALNDbTI
ALCuTi
ALHfZn
AlLCuZr
Al;Lu
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Ni, Al well-known super alloy

|

Ni,Ti is actually hexagonal DO,,
- cannot be used as structural alloy

« Ti based high-temperature super-alloys

« Al;Sc has L1,-structure. Until now
used mostly as precipitate in Al-Sc alloy.
Suggested as new possible super-alloy”

» 3-component alloys which crystallize
in L1, structure
- could be promising as super alloys ?

N

Y. Harada and D. C. Dunand, Acta Mater. 48, 3477 (2000)

Data Mining: Pareto Analysis
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Bligaard, Johannesson, Ruban, Skriver, Jacobsen, Ngrskov, Applied Physics Letters 83, 4527 (2003)




Non-precious catalysts for electrochemical
hydrogen production

i

MoS, edges

Descriptor: Hydrogen adsorption energy

Structure, composition

Hydrogen evolution U=0 V
0.6
pH=0 H*
0.4
Electronic structure Hydrogenase, S
< 02} model
3
3 HY +e” ‘
Cathode  Anode g oo \
& 02 Nitrogenase
Functionality model
(Catalytic activity) 0.4
0.6
Reaction coordinate

MosS, replacing Pt

J. K. Ngrskov, T. Bligaard, J. Rossmeisl, and C. H. Christensen, Nature Chemistry, vol. 1, no. 1, pp. 37-46, Apr. 2009.

Transition metal dichalcogenides that evolve
hydrogen on the basal plane?

i

Descriptor: Hydrogen adsorption energy
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W+
" 2H 20 1T
1.5 1.5
10 * 10 | ] ' | | }
< 05 t t | <% o5 IR ER
B IR I A } = ' +
20.0~..,+,0"' i %o.oo."”‘ i * i
-0.5 * 0.5 t L {
-1.0 -1.0
-15 -1.5
1.0 1.0
_ 08 _08
3 3
7106 7
Sou
ED.?
0.0 I ==
& Z z @




Free Energy [eV]

DTU

N, +3H; — 2NH3;

Descriptors: Adsorption energies and reaction barriers
Multiscale modeling: Microkinetics

w

700 K (a) . Lbar (b) (c)

10 bar Elementary Reaction Steps
100 bar

N
-
w
o
o
Fa

1: Ny(g) + 2% — 2N*

2: Hy(g) + 2% — 2H*
3:N* + H* o NH* + *

4: NH* + H* - NH,* + *
5: NH,* + H* — NH,* + *
6: NH,* — NH,(g) + *

all at 1 bar

all at 700 K
Reaction Coordinate Reaction Coordinate

Number of descriptors can be reduced using scaling relations: the energy barrier scales with the binding energy

Vojvodic, Medford, Studt, Abild-Pedersen, Khan, Bligaard, and Ngrskov, Chemical Physics Letters, 598, 108 (2014)

Bayesian
Ensen

Normalized frequency

N
= (@) =1 Z (B o) Results for 17 chemisorption
04 ! energies.
0.2
00E-~-==-=--=-=-----2 Ensemble generated with BEEF-vdW

but rescaled slightly to reproduce

chemisortion energies only.

BEEF-vdW ensemble
of

enhancement factors.

Ensemble adsorption energy variation (eV)

Medford, Wellendorf, Vojvodic, Studt, Abild-Pedersen, Jacobsen, Bligaard, Ngrskov, Science 345, 197 (2014)




Turn-over-frequency

Calculations include error bars: Bayesian Error Estimation Functionals (BEEF)

Fe(211) Ru(0001 : iy
— A (0001) 5 Industrial conditions:
3 Fe step | Rustep | 100 bar, 50% approach
to equilibrium
= Ot
TU}
g -5 Ler .
g 1.4} 1
E 12 g 1 ;
5 12 t Correlations
= _10} | Tosf © -
10 <ol reduce error
BEEF-vdW 0.0 04 08 1.2 bars
Uncorrelated Epgy-n (V)
—15} ‘ ‘ ‘ ‘ | 4 (2 ‘ ‘ \
0.4 0.72 1.04 1.36 1.68 2.00.4 0.2 1.04 1.36 1.68 2.0 Experi
periment
1000 1000
Temperature (K) Temperature (K)
Effective activation energy Rate limiting step: N-N dissociation
Ey - Ey@Fe (eV) . .
e L0 s 20 |nvestigating other metals
o +Ru
T 5 »Fli Co Medford, Wellendorf, Vojvodic,
= 7 = L Studt, Abild-Pedersen, Jacobsen,
B Lo Absolute uncertainties Bligaard, Ngrskov, Science 345,
g -1 197 (2014)
_%‘—‘ Pd
—15|
°'B
o 3 Uncertainties relative to Fe
. [ Co
2%
NI
Pd Ensembles collapse
+ along scaling relations
olC ° . . .
~ Using scaling relations
z s Red curves: absolute
3 3 uncertainties
=) = 2
5 ) 1/ Shaded area: relative to Fe
T et e wr e
2By (eV)
»2/D Probability distribution for
§§ 20.58+£0.08 eV optimum of volcano
2 Optimum is well determined!
-15 -10 -05 0.0 0.5 . .
Ey (eV) Reduction to only one descriptor!
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Computational search for materials
able to collect the visible part of the
solar spectrum and to use the
energy to split water in oxygen and
hydrogen.

Complicated process:
— Light absorption
— Electron-hole transfer
— Induce reactions

Examples: TiO,, GaN:ZnO, ZnGeN,:ZnO

(Fujishima and Honda, Nature 1972)
(Maeda et al., JACS, 127, 8286 (2005), Domen group)

;
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ZnO GaN-ZnO solid solutions

GaN
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What could be relevant descriptors?

U Chemical/structural stability
U Good light absorption

4 Photogenerated charges at right potentials

U Good electron/hole mobilities
U Good catalytic properties
U Low cost, non-toxicity

e ov
A 1

Band gap “

N (U]
he ' .
ve 0,/H,0

+ +1.23V
Principle of water splitting using semiconductor photocatalysts.

Potential




8 R >
Descriptors for screening =
U Chemical/structural stability
U Heats of formation, Pourbaix diagrams
U Good light absorption
U Bandgap in the visible range
U Photogenerated charges at right potentials
U Band edges straddle the water redox potentials
U Good electron/hole mobilities
0 Good catalytic properties
U Low cost, non-toxicity
p e o |
- A
E Band gap hv
&
VB ;h' 0,/H,0 '
+ +1.23V
Toolbox:
Atomic Simulation Environment -

Quantum Materials | Data analysis/visualization Dynamics ("steering”)
Informatics Project Plotting of atoms, charge densities, y 9
(QMIP) STM imaging ‘Structural optimization‘
= Calculation of local density of states
Computational ; ’ .

- : d-band modelin Localization of

MEIETELS [REPREET - transition states
(CMR) \Spectroscopy: vibrations, X-ray abs.,

) ~ N\ !

Materials Screening g S
(probabilistic and
genetic algorithms)

|

Atomic Simulation Environment

(Python interfacing)

—
‘ Electron transport ‘

\

Electronic
excitations

Real-space code
Python/C

GPAW (DFT) GPaw!

GW
Bethe-Salpeter
(optical absorption)

ASAP (Classical MD)
Python/C++
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6 T T T T T T T T T T T
O Oxides highly relevant because 5| _
B . O Exp.[38,39] vs. Calc. PtO,
of high stability (towards 4 | o Exp.10]vs. Calc. - 7 i
. . — Ideal behavior: y=x s
oxidation!) 3l ! Y SONE
> 2r RSO 0s0, T
QIDFT-RPBE calculated formation & 4| oy 1
energy for rutile dioxides. 3 ol G20, agebno, |
E CrO, @6 MnO,
g -1 Vo wo, ’
Q Similar results obtained for G ol \a B : ]
perovskite structures. 3l ’ i
p TO,
-5t MAE = (1/n)%, |y, - x| = 0.29 eV |
'6-6-5-4-3—2 1012345686
DFT and beyond code: Ep
AGForm . (eV)
J. 1. Martinez et al. ,
J. Enkovaara et al. J. Phys.:Cond. Mat. 22 (2010) — Review article /s Rev B 2009
https.//wiki.fysik.dtu.dk/gpaw/ <« Free download, GPL

—

Stability of the
compound with
respect to its
possible solid

tituent
AgNbO, constituents Nb Ag,O Obtained
from ICSD
AE = ABO3(s) —min (1A (s) + 2B (8) + 35Oy (s) + 4B, Oy (s) + ¢50)

ci+eg=1, c+c=1, Ca+cy+ces =23

— Solved by linear programming.




“Standard quantities” now available
in public computational databases

e < [in] # € 00 & = oqmd.org < h o a

oamp

OQMD. Home Materials Analysis Documentation —Download
.

An Open Q Materials Datab.

Welcome to the Open Quantum

Current status
Materials Database

Database contains DFT calculatiofs of 285780 conjpounds!

The OQMD is a database DFT calculated thermodynamic and structural properties.
We are providing this online interface for convenient, small scale access; however
for more powerful utilization we ing the entire database and the API for interfacing with it, detailed in the link below.

You can...

()

+

Search for materials by composition,

Create phase diagrams using database thermochemical data,
Determine ground state compositions,

Visualize crystal structures, or

Download the entire database for your own use!

ALO,, heats of formation
“Convex hull”
PBE calculations

Delta H [eV/atom]

i

J. E. Saal, S. Kirklin, M. Aykol, B. Meredig, and C. Wolverton, JOM, vol. 65, no. 1, pp. 1501-1509, Nov. 2013.

Computational Databases

oQMD

Materials Project
AFLOWLIB

NoMabD Repository
AiiDA

Computational Materials Repository (CMR) (more

about this later)...

Several experimental databases
* Inorganic Crystal Structure Database (ICSD)

M




rR +wH,0 = pP + hH" + ne™

* Using the Nernst equation
nE = AG + 0.0591 log (ap)” 0.0591h pH S
(ag)" B

* Free energies of dissolved
species taken from expt.

a 6 8 10 12
PH
(d) TiO2 - Experiments

(¢) ZnO - Experiments
K. A. Persson et al. Phys Rev B 85, 235438 (201”2)
I. E. Castelli, K. S. Thygesen, K. W. Jacobsen, Top Catal 57, 265 (2013)

The bandg

+ DFT is aimed at calculating ground state total
energies

+ Kohn-Sham states describe the density of a
non-interacting electron gas

+ But the quasiparticle gap can be determined
as a total energy difference for different
number of particles

+ Works well with LDA/GGA for molecules

+ Does not work with LDA/GGA for
semiconductors




Toolbox: Bandgap calculations with GLLB =

The GLLB xc-functional (Gritsenko, van Leeuwen, van Lenthe and Baerends):

EX=ES+ A,

el Material EXS(LDA) EX A, E®  Exp.
Derivative discontinuity C 4.09 414 127 541 548
Si 0.443 068 032 100 117
Screening + response GaAs 0.36 079 025 1.04 1.63
_ AlAs 1.34 167 082 249 232
Ux(1) = V5 (F) + Vregp () LiF 8.775 1087 409 1496 142
2¢56A(r; n) Ar 8.18 1028 4.69 1497 142
vs(r) = ————
n(r)
occ 2
[¢i (r)|
vresp(r) = ZK[n]\/ & — & (D)
- ,
[ ()]
Acrsp(®@) =) K (Venii— & — oy — &) ©
i

GLLB-SC: Screening exchange-correlation from PBEsol

First description: Gritsenko et al., Phys. Rev. A 51, 1944 (1995).
Implemented in GPAW: Kuisma et al., Phys. Rev. B 82, 115106 (2010).

Predicting bandgaps of oxides with GLLB-SC

M

T T T T T T T T 7]

The GLLB-SC (solid-correlation) xc- | Metal oxides P4
functional: o T
8 GLLB-SCQPgap_ & .
QP_ KS — ../// A
Eg - Eg + Axc o ,‘/ R

= 6 y _

/ E o 7 .
Derivative discontinuity &k }', w 4 .

I /A 4a
4 Bandgaps within ~0.5 eV of exp. [ .6 AAA‘A%\ 7
- Ve [ ] 4
QO Minimal computational cost 0#’/2 : IPBES?I KS gp
0 2 4 6 8 10
O Neglect of electron-hole Experimental [eV]

interaction

34




20 “randomly” selected systems

Bandgaps for a selection of systems from
Inorganic Crystal Structure Database

S =

Bandgap [eV]

e I I R - N -]

GLLB-SC- A
1 GLLB-SC - KS
E HSE06

>
b a-d
>
MAE (eV) w.r.t. GW
LDA 1.62 o
GLLB-SC |0.38 2
HSE06  |0.47 d
>
GoW, 0.49 =
GW, 0.27 2

(Collaboration with
Materials Project)

Castelli, Huser, Pandey, Li, Thygesen, Seger, Jain, Persson, Ceder, Jacobsen, Adv. Energy Mater. 5, (2014).

Ime

Optical absorption spectra with GLLB-SC
TDDFT (Adiabatic LDA) or Bethe-Salpeter Eq.

50

i

>

si H
40 .

30

LDA-ALDA
GLLBSC-ALDA|
GLLBSC-BSE

. Expt

InP

25 GaAs I
¥

5

10 15 20
Energy (eV)

Derivative discontinuity used in spectrum for TDDFT, but not for W in BSE.

J. Yan, K. W. Jacobsen, and K. S. Thygesen, PRB 86, 45208 (2012)
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Empirical formula: Ec=(XaxpXo" )" —1/2E,,+E,
(0] =25
H, o X=1/2(A+1)) =
2H 9 o Absolute
TTTAIT YT T T ere 2 sme, " electronegativity
- N s (Mulliken scale)
5 70, — s A=Affinity level
=i RO\ _cas
------------------------------ g e rero® - cungs 1. =Ionization level
%O, +2 H 0/H,0 Potential _g Hgs \n=903§u .20 1
"k o’ S |82 S E,,= Band ga
’ 0, and H, evolution 8 “ P"':Sﬁs " ﬁ:%‘h gap™ gap
" photocatalyst o ™ e E, = Difference
£ oo s between NHE and
é .mgg“ vacuum ~ -4.5 eV
8 .5“':5.5 -5.0 -4.5 -4.0 35 -3.0 -2.5

Measured flatband potential

M. A. Butler and D. S. Ginley, Journal of The Electrochemical Society (1978)
Y Xu and MAA Schoonen, American Mineralogist (2000)

Screening

5 atom unit cell Cs|Ba|Lla|Hi|Ta|W |Re|Os| Ir | Pt |Au|Hg| TI | Pb| Bi | Po| At|Rn

Q 52 different metallic elements (no radioactive or toxic)
Q Different anions (O, N, S, F, CI, ...)

(Castelli, Olsen, Datta, Landis, Dahl, Thygesen, Jacobsen, Energy Environ Sci 5, 5814 (2012))
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Oxides, oxynitrides, oxysulfides, oxyfluorides,

>
. . b a-d
oxyfluornitrides -
Materials candidates: Screening parameters One-photon WS
« ABO *10 4 known, 6 unknown
3 Chemical/structural stability (AE) AE =0.2eV
. ABOZN 5 4 known, 1 unknown g-‘mggijp (Egap) {”53 = E‘"“‘l‘ ’513 \c/V
LaTaON, (known) and edges Begge > 1.23 ¢
* ABONZ 2 YTaON, (unknown) {VB“‘P“' (BL“‘?L‘) (Btdgc <0eV
- ABN, 0
+ ABO,S :0
- ABO,F 3 20 candidate materials
. ABOFN 0 ~19000 materials About half are known
— - T T I 9o Soes, §S0 S 50»‘70?/9?'0*' ISP

Heat of Formation [eV/atom]

o

-1

Y
e

[ ]

—_—

Potential (V vs NHE) [eV]

-
M
0

4 — Direct Gap
— Indirect Gap

0.2 1 3 4
Bandgap [¢V]

(Castelli

, Landis, Thygesen, Dahl, Chorkendorff, Jaramillo, Jacobsen, Energy Environ Sci 5, 9034 (2012))

Further analysis of candidate materials:

Oxides and
oxyfluorides
are reasonably
stable (with 0.5
eV threshold).

Oxynitrides are
less stable,
especially at
high potential.

o =
stability in water -
0P LS S F I SIS T St o
OIS IS8 SERSEE G P
OO000000000Ce000eee 0000
Cseccveeccece “EC 1 gcochs
3 OR CROROT Ol OCOTOLCS COCS AR NS
-1100000000000O000OO00OO00O

0.0 02 0.4*}6 0.8 LIO 12

14 16 1.8 >20

AE [eV/atom]

New stability threshold to include some
metastability/kinetics and perhaps
inaccuracies in the calculations.
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Green systems known
to split water (with
sacrificial agents).

Working systems
do not seem to have
large masses.

(Castelli, Landis, Thygesen, Dahl, Chorkendorff, Jaramillo, Jacobsen, Energy Environ Sci 5, 9034 (2012))
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Solar-to-hydrogen energy conversion efficiency

SC1 SC2
Z Conduction
/M Band
>
_____ % m——— $2
Bolar Light S 7 A WM, S |%
g _— 2 .
S
Valence
% Band

1.7eV

7
Max efficiency ~28% (vs ~13% for one-photon)

(J. R. Bolton et al., Nature 1985.)
(M. G. Walter et al., Chem Rev 110, 6446, 2010)
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(LE. Castelli, D.D. Landis, K.S. Thygesen, S. Dahl, |I. Chorkendorff, T.F. Jaramillo,
and K.W. Jacobsen, Energy & Environmental Science, doi: 10.1039/c2ee22341d )




Tandem cell water splitting:

>
. b a-d
Screening results -
Screening parameters Two-photon WS
H
2 ZH, Chemical/structural stability (AE) AE=0.2eV
_______ Bandgap (Egap) 13 = Egp =3¢V
H'H_ Potential Band edges VBASde > 1.23 eV
(VBeqges CBeage) CB&Tode < gV

o
Catfode anode
VBZge > CBidge

H, evolution
................. e Co NN
N O; +2 H" 0/H,0 Potential
HO
2 O, evolution
photocatalyst —_
5 H* /H,
12 candidates = Sivs
g 10,/H,0
+ 20 from overall WS 2 oI
BaNbO,N, SrNbO,N, g
CaNbO,N, and LaNbON, are &
known as water splitters. i
4| — Direct Gap
— Indirect Gap
(Castelli, Olsen, Datta, Landis, Dahl, Thygesen, Jacobsen, Energy Environ Sci 5, 5814 (2012))
1 >
Towards low-symmetry perovskites =

@A, @A; ¢B, @B, ¢0 “w.

Cubic (5 atom/cell) Double (20) Ruddlesden- Dion-Jacobson
Popper (14-24) (22-44)

Too expensive to run “brute force” screening for low symmetry structures.

Castelli and Jacobsen, Modelling Simul. Mater. Sci. Eng. 22, 055007 (2014)
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Example: AgNbO, has t outside [0.8, 1.1]

Castelli and Jacobsen, Modelling Simul. Mater. Sci. Eng. 22, 055007 (2014)

46 stable ABO; showing bandgaps
Zr, Hf
group IV
80 100
I~ Ca, Sr, Ba
(valence 2)
Clusters follow Ga InTI
the valences of 1/3 . (group III)
the elements. e Li
~ Na «— Alkalis + Ag
RbK K (valence 1)
1 Ag
Cs
@ — o
~ £%r%8%57=%3%
—io
Castelli and Jacobsen, \ ? u‘ u
Modelling Simul. Mater. Sci. Eng. 22, 055007 (2014) 4 5/3 3 5




Towards low-symmetry perovskites =

@A, @A; ¢B, @B, ¢0

Cubic (5 atom/cell) Double (20) Ruddlesden- Dion-Jacobson
Popper (14-24) (22-44)
Too expensive to run “brute force” screening for low symmetry structures.

Use three chemical-based rules derived from cubic perovskites:
1) Even-odd rule: Even number of electrons in unit cell to have a bandgap
2) Valence rule: Sum of possible valences should add up to zero.
3) Radius rule: Radius(A) > Radius(B)
Castelli and Jacobsen, Modelling Simul. Mater. Sci. Eng. 22, 055007 (2014)

Bandgap engineering:

Doubl kites
PR Or SO SO T ST SO SO0 SO0 DU SO 0 SN0 < SO0 0 - SOOI JHO YR g
R e e e e e e B e
235 NeEa tE N E el e e s B St ez S G R 5 R n IS5 R4 L8808
E‘ﬁw‘-’g’g%fﬂ;‘-imm"’u“‘.ﬁ"{i=§2=<F‘=5=§Z‘:<Fcz K| 335”’5"’52
NaSbos T R, IS T NaSb03
CaGeO3 11 I CaGeO3
SrGe03 NESN N | SrGe03
CaSn03 CaSnO3
SrSn03
BaSn03 [BaSnO3
@r @22 €8 OB €0 TaGa03| | [ | [ [ I mEC ] i 7_* || LaGaO3
10; | 10:

46 stable perovskites with a gap o - E& it

I |
. Livo3 || VO3
combined Pt R aabeSuaaRicses, ERRERE ELCREEC S
Difference between the double & ‘ e
perovskite bandgap and the bboa 1 LS
average gap coming from the twci* i e
constituent cubic perovskites afads Epiy
o PR e
New “design rules”: ssiics) sailes,
CaTiO3 CaTio3
SrTi03 L T I | N SrTio3
- Double perovskite has s ] E“}g
. CaHf03| CaHfO3
average of perovskite gaps e s
SnZr0O3 $nZrO3
oy : ‘ Eekprs
+ But, for B1 p-metal and B2 gz SIS
- H H H LaSc03 L L T | | 1 S mm LaSc03
d-metal gap is significantly gRafeiefaletonstaieiatatansiataiatonanstanntal
increased PR e e P R
*Bl-ion(d) - B2-ion(p) hybridization -> increased bandgap
I. E. Castelli, K. S. Thygesen, and K. W. Jacobsen, -3 -2 -1 0 1 2 3

MRS Online Proceedings Library 1523 (2013). Difference Bandgap (eV)




Bandgap engineering:

Layered perovskites (Ruddlesden-Popper)

3

| e

o
3
B
® PS g
‘s -
\ @®o
-
Criterion One-photon WS Two-photon WS
Stability (AE) ~ 0.2eVatom™! 0.2eV atoms™!
Bandgap (Egsp) 1.7 < Egyp <3 13< Egyp <3
Band edges VBegge > 1.6 VB®% > 1.6
(VBegger CBedge)  CBegge < —0.1  CBE&I < 0,1

anode cathode
CBgge: < VBage

I. E. Castelli, J. M. Garcia-Lastra, F. Huser, K. S. Thygesen,
and K. W. Jacobsen, New J. Phys. 15, 105026 (2013).

i

Bandgap decreases with the thickness of the
octahedron layer when p-metals are in the B-
ion position. Opposite for d-metals.

Potential (V vs NHE) [eV]

More c

ndidates for water splitting:

a
3
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Beyond the bandgap:

light absorption TDDFT/ALDA
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I. E. Castelli, K. S. Thygesen, and K. W. Jacobsen, Journal of Materials Chemistry A 3, 12343 (2015).




@®Ba

oS Bandgaps:
B ™ BasnO,:3.33 eV (indirect)
®Ta BaTaO,N: 1.84 eV (direct)

<0
<N

e
T

pandgaP eV
X

Variation of bandgap for
stacked systems ~ 1 eV

o 16 18 20 22
Bandgap [eV]

Explanation of variation:
Confinement
Tunneling for thin layers

Tuning of bandgaps

- +
o: BaSnO,

I. E. Castelli, M. Pandey, K. S. Thygesen, and K. W. Jacobsen, Phys. Rev. B 91, 165309 (2015).

Scree
Inorganic

Bandgaps of 2400 materials from ICSD

) LI A A A A A A L LA N A
1201 [ Calculated Materials b

L Materials Stable in Water AE < 1 eV/atom| ]

110}~ Materials Stable in Water AE < 0 eV/atom|
21000 pH=17 ]
‘B 901 U=0VvsNHE
S 80| E
2 oL -'
© r ]
E i 4
g [} ]
5 40l ]
Z .

“14 15 16

(Collaboration with
Materials Project)

Castelli, Huser, Pandey, Li, Thygesen, Seger, Jain, Persson, Ceder, Jacobsen, Adv. Energy Mater. 2014, 1400915




Two-photon water splitting designs =
Two basically different designs:
Design 1 Design 2
o
H* g
= Solar . )
;3 T Irradiatign ?
l o Solar °.
E Irradiation H,0
8 opanr % 0,+4H*
9 LBG SBG
O= catalyst O -= catalyst
Acidic or basic conditions?
Protection of light absorbers?
p-n junctions to shift levels?
B. Seger, I. E. Castelli, P. C. K. Vesborg, K. W. Jacobsen, O. Hansen, I. Chorkendorff, Energy Environ. Sci., 7, 2397 (2014)
Screening based on 2400 ICSD entries
b a-d
>

No protection layers

Earth abundant compounds shown in bold

Stability in water hard to fulfill!

Absorber # of
Design  pH Screening parameters (electrode)  candidates Candidate materials
Designl 0 1.5 < Eg,, = 2.1, VB >1.6 Vvs. RHE LBG, 6 AuClO, Co(ReO,),, Cr,Ag,0,, CuRhO,, Mg(BiO5),,
(anode) Zn(RhO,),
0.9 =< Egqp = 1.5, CB < —0.05 Vvs. RHE  SBG, 11 As,0s, As;Ru, CdTe, FeSbS, GeAs, GeAs,, MoSe;,
(cathode) NaTiCuS;, KCuSe, SnSe, Te,Mo
14 1.5 =< Eg,, = 2.1, VB> 1.6 V vs. RHE LBG, 16 Ag;VO,, AuClO, Au,0;, Ba,FeMoOs, Bi"™,Bi"0,,
(anode) Ca(RhO,),, CdHgO,, Cd(RhO,),, Cd,Sn0,, Co(ReO,),,
Cr,Ag,07, CuRhO,, Mg(BiO3),, LaRhO;, LiBiO3, Zn(RhO,),
0.9 < Egyp = 1.5,CB< —0.15 Vvs. RHE  SBG, 2 Ca;(C003),, LaRhO;
(cathode)
Design2 0 1.5 = Egap = 2.1, CB < —0.05 Vvs. RHE  LBG, 8 CdSe, Cs,Ni;S,, InSe, NaHfCuSe;, NaPt,Se;, NaZrCuSes,
(cathode) SbIrs, Wse,
0.9 = Egsp = 1.5, VB > 1.6 Vvs. RHE SBG, 2 Bi,Pt,0;, HfNBr
(anode)
14 1.5=<Eg,, =21,CB<—0.15Vvs. RHE LBG, 1 NaPt,Se;
(cathode)
0.9 < Egep < 1.5, VB > 1.6 V vs. RHE SBG, 3 Bi,Pt,0,, HfBIN, PtO,

(anode)




DTU

With prc

Only Earth abundant elements shown

#of

Screening

Candidates

p

Design

CuP,, FeS,, FeSbS, K,M0Se, KNbS,, KPb, KSnAs, KZnAs, LaAs,,

LaS,, MgP,, MnP,, Na,FeO;, Na,FeO,, NaNbs,, NaNiO,, Na;Sb, NaSnP,
NaZnP, NbFeSb, Nbl, Si, SnS, St,As,, Sr;Ass, Sr;SbN, SrCaSi, SrCaSn,

V(S,)2, Zn,Cu(AsO,),, ZrBrs, ZrCly

NaTiS,,

BaAs;, BaCaSn, Ba,Cu(PO,),, Ba,FeMoOs, Bas(SiP;),, BaLals, BasP4, CaBaSi, Ca3(C00;)s,
Sr(ZnP),,

Ca,Si, Ca;Si0, CoAsS, CuCl,,

LaZnAsO, LaZnPO,

NaTiCuSs,
SrLal,,

1

SBG

COBr,, CuSbs,, Cu,0, CuzVS,, FeBr,, FeSO,,

Ca(ZnP),,

CasVN;,

Ca Na,;(Sn;,,
MgAs,, NaCuO,, NaNbN,, NaP, NaSbs,, Nb¢F, 5, Nbls, SnZrS;, SrP, Sr;P,4, StPbO;, TiBIN, Til,,

B, BP, BaCu,SnS,, Ba(MgSb),, BaP;, Ba,Sb,0, Ba,ZnN,, Ca;AlAs;, Ca(BC),, Cas(BN,)N,
TiNCl, Sn,TiO4, WBr6, ZnSiAs;, ZrCly, Zr,SN,

Ca(Mgsb),,
Fe(SiP)y, I, K3As, K,Ni3Ss, K4Ps, KsNa,SnAss, KoNiAs,, KSb, KV(CuS,),, KZnP, KCuZrs;,

50

15 <Eg =21

LBG

B. Seger, I. E. Castelli, P. C. K. Vesborg, K. W. Jacobsen, O. Hansen, |. Chorkendorff, Energy Environ. Sci., 7, 2397 (2014)
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Computational Materials Repository
New interface

ese < [en] #o® 0 O @ omrfysik dtu.dk ¢ h g ©

Projects — COMPUTATIONAL MATERIALS REPOSITORY =

COMPUTATIONAL MATERIALS REPOSITORY

Contents :: Organometal Halide Perovskites »

Projects

° ° ) Organometal Halide Perovskites
g o-%o
° We have performed electronic structure calculations of 240
perovskites composed of Cs, CH3NH3, and HC(NH2)2 as A-cation,
Sn and Pb as B-ion, and a combination of Cl, Br, and | as anions.

Porphyrin based dyes
We present a computational screening study of more than 5000
porphyrin-based dyes obtained by modifying the porphyrin backbone
(metal center and axial ligands), substituting hydrogen by fluorine,
and adding different side and anchoring groups.

New Light Harvesting Materials
i Electronic bandgap calculations are presented for 2400
experimentally known materials from the Materials Project database
I and the bandgaps, obtained with different types of functionals within
I density functional theory and (partial) seff-consistent GW
—_—— ‘approximation, are compared for 20 randomly chosen compounds
forming an unconventional set of ternary and quaterary materials.

Perovskite water-splitting
We perform computational screening of around 19 000 oxides,
oxynitrides, oxysulfides, oxyfiuorides, and oxyfluoronitrides in the
BN cubic perovskite structure with photoelectrochemical cell applications

GLERNLA NN in mind.
ol TN T P,

o FEIEARRRERE R
s EARBLIRRRLL AR

Na Al

LAY AR ALK

i

Computational Materials Repository
New ASE database module

In each row we have:

*  Taxonomy:
* Atoms object (positions, atomic numbers, ...)
* |D, user-name, creation and modified time
* Constraints
* Calculator name and parameters

* Energy, Forces, Stress tensor, dipole moment, magnetic
moments

* Folksonomy:

* Key-value pairs
* Additional stuff:

* extra data (band structure, ...)
Back-ends: JSON, SQLite3 and PostgreSQL.

M




Conclusions =
Computational Materials Design
* Descriptors and multiscale modeling
* Highly relevant for new energy materials
* Light absorbers
* Catalysts
* Protective layers
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