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Challenges for Sustainable Development
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For Sustainable Development

To solve many of these issues, we need to discover novel materials
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Materials Discovery — A Bit

of History
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@ Autonomous Workflows for Materials Discovery — Outline

oo

1) From 2D sheets to 1D inorganic nanotubes

Vision: use shape as a new degree of freedom to discover new materials
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= From 2D Databases to Inorganic 1D Nanotubes

o
A) Nanoporous graphene membrane
B o ke . Li-ion
o 9 °
Intercalation

T

B) Stacked graphene oxide membrane

.“.g . “."0 *® Size Ele d '
og@® ¢ " ."-.
e ez 35 9 &

5 S _ e
‘. _ ‘c - - - By
° i 4

lon adsception

* Eloctrostate bed
o -~ o o

° * Catonn
@ lons o s . * Metal coordinaton
@ Water g S

Possible applications:

catalysts

y ®
p A

® D o
>
A oL,

V105559,

v

water filtration/membranes

anode materials for batteries

e

- health (drug delivery)
- nanofriction
- electronics

- magnetic effects

L
¢

Computational 2D Materials Database (C2DB)

2D Materials 5, 042002 (2018)

The data can be downloaded or browsed online:

« Browse data
» Download data: c2db.db

Contents

o Computational 2D Materials Database (C2DB)

If you are using data from this database in your research, please cite the following paper:

The Computational 2D Materials Database: High-Throughput Modeling and Discovery of Atomically Thin Crystals

Sten Haastrup, Mikkel Strange, Mohnish Pandey, Thorsten Deilmann, Per S. Schmidt, Nicki F. Hinsche, Morten N. Gjerding,
Daniele Torelli, Peter M. Larsen, Anders C. Riis-Jensen, Jakob Gath, Karsten W. Jacobsen, Jens Jorgen Mortensen, Thomas Olsen,
Kristian S. Thygesen

Structure and stability Properties
° Brlef deS(I’IDtlon 1. Relax cell and atoms in all 6. Magnetic anisotrop Methods:
i magnetic states (NM, FM, AFM)* - J :
o Overview of methods and parameters used EPBE
HSE@PBE
o Versions ) 0 onioe
- N [ rra@pBE
¥ Gk LR ST T B s
o Example I Y N
o Tools for creating the “Computational 2D materials” database
) “ 8. Band structure | | 8. Band structure \
= Requirements
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= Installation 3. Heat of formation and convex hul \l O ETICTEE ‘ ‘ 10. Fermi surface \

= Workflow
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4. T-point phonons of 2 2 cell ‘ 13. Deformation potentials ‘ ‘ 14. Plasma frequency ‘
5. Elastic constants
‘ 15. Polarisability | ‘ 15. Polarisability ‘
,
negative elastic constants?
16. Absorbance

* Run flow for all (meta)stable magnetic states

Dervin, Dionysiou and Pillai, Nanoscale 8, 15115 (2016)

Santhosh, Nivetha, Kollu, Srivastava, Sillanpd4, Grace and Bhatnagar, Scientific Reports 7, 14107 (2017)
Song, Yang, Zhao and Fang, Energy & Environmental Science 4, 1379 (2011)

Panchakarla and Tenne, Nanotechnology for Energy Sustainability 745 (2017)

Haastrup, ..., and Thygesen, 2D Materials 5, 042002 (2018)

https://cmr.fysik.dtu.dk/c2db/c2db.html
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U == Inorganic Janus Nanotubes

Most inorganic nanotubes are multiwalled — no preferred size, difficult to tune properties
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U == Inorganic Janus Nanotubes

Most inorganic nanotubes are multiwalled — no preferred size, difficult to tune properties
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U == Inorganic Janus Nanotubes

Most inorganic nanotubes are multiwalled — no preferred size, difficult to tune properties
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el Inorganic Janus Nanotubes

Most inorganic nanotubes are multiwalled — no preferred size, difficult to tune properties

Inorganic single walled exists, but have large radii (> 35 A) with properties close to the 2D limit
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Mikkelsen, Bolle, Thygesen, Vegge, and Castelli, Phys. Rev. Mater 5, 014002 (2021)
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Janus Nanotube VS Parent Sheets

Armchair MoS2

i

(b) Armchair MoSTe Armchair MoTe,

vac [eV]
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E-E

Mikkelsen, Bolle, Thygesen, Vegge, and Castelli, Phys. Rev. Mater 5, 014002 (2021)



Janus Nanotube VS Parent Sheets
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Electronic
properties:

Structural
properties:

Catalytic
properties:

- stability - band gap - adsorption energy
- Young’s and - effective masses - diffusion barriers
sheer moduli - band structure
- polarization

Trends, descriptors and
machine learming tools

\ P Y Applications:
l - water

Heterostructures and purification
multi-walls _ 1 ab - - ion diffusion
- catalysts
- nanolubricant

Bolle, Mikkelsen, Thygesen, Vegge, and Castelli, npj Comp. Mater. 7, 41 (2021)

ubes — The Workflow

Why a workflow?

 manages calculations

 manage dependences

* use always the same parameters

* error handling

+ collect and share the data

Myqueue:

http://myqueue.readthedocs.io

Atomic Simulation Environment (ASE):

http:/ /wiki.fysik.dtu.dk/ase
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Discovery of Nanometric Nanotubes — The Workflow
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@ Dichalcogenide Nanotubes

oo

Ternary MXY (X-M-Y) nanotubes:
M — 14 metals

XY — Chalcogens (O, S, Se, Te) and
Halides (Cl1, Br, I)

Groups of elements

. s block elements

- p block elements

Colour Key

Two prototype structures: MoS, (2H-
phase) and Cdl, (1T-phase)

Two wrapping directions: Armchair and
Zigzag

Aim: radii range ~ 5 —15 A

© Andy Brunning/Compound Interest 2018 - www.compoundchem.com | Facebook: facebook.com/compoundchem | Twitter: @compoundchem @@@@
This graphic is shared under a Creative Commons 4.0 Attribution-NoDerivatives-NonCommercial licence. = e T

Bolle, Mikkelsen, Thygesen, Vegge, and Castelli, npj Comp. Mater. 7, 41 (2021)
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Dichalcogenide Nanotubes — Strain and Formation Energies

S S E .
O7‘@ OS@ Ogs 37‘@ @7‘@ SS@ 7 8,7 C‘/@,_ O)@ OS@ Og S}e 67‘6 SS@ o @/7 C/&f strai

I

. Uncertainty .
k
Ti4 62 | 7.8 | 9.2 51.5‘ .‘ N 16.4 | 30.7 | 37.3 7N| Ti ECH
Tal Tal Tal T2z a Hal Hal H- T‘\ R
N P =1 Ropt %
Zr4 53 | 64 | 7.1 | 300 475 | 18.9 | 34.8 | 41.0 a b
Tz Tz| Tal T2 Tz| Hz] Hz|] Hz i E R .
N -100 -30 -0.20 st.rain( ) = — 1+ =
450 ] 62| 7.0 11 | 37.1 | 414 | 184 | 34.1 | 405
Hf 211 |3 84 |3 0 R2 R
T-z T-z T-a T-z T-z T-z H-z H-a H-z
V- 66 | 84 | 98 21.2‘ 38.7 N
T-a*] H-ay H-a¥ H-a¥ T-a - 0 - 15
Nb- 7.0 8.7 | 10.6 | 22.6 | 52.9 J&: .‘ -25
H-a H-a H-a H-a - a 2 80
Ta- 67 | 84 | 103|206 | 394 - m
H-a H-a H-a H-a H-a 010 9
|
Cr-{ 76 | 82 | 108 | 155 | 27.6 | 34.8
Tal Hal Hal Hzl Hal Hz -20 g g
Ia)
Mo 72 | 95 | 131 | 185 | 329 | 414 o) -0.05 =
|L_Hal Hal Hzl Hz| Hal Hz -60 pmi o
)}
WA 72 | 95 | 129 | 185 | 33.9 | 42.4 X 5 m
S > 0
| _Hal Hal Hzl Hal Hal Hz S = 5
N N N o -15 < -0.00 2
Fe- 63 | 10.2 | 11.0 27.2 143 | 30.2 | 248 b o =
Tal Tz H-af H-a T-z T-z T-z i =) Bl
b} =
. 55 | 6.8 | 148 | 246 | 325 | 26.4 | 40.4 | 16.7 o o =
n 4
T-a T-a T-z T-a T-z T-z T-z T-z = -—0.05 '5‘
Ge 51 | 6.4 26.1 | 28.9 | 12.1 30.6‘ 9.3 -10 X S
T-a T-a T-a T-z T-a Tz T-a = 9_)’
3
Sas S ) A -=0.10
Sy S8, So Se/ V%670 Te %8, 'S¢y -
1 1 1 1 1 1 1 1 1 i 20
N )
As- 88 | 93 | 9.4 | 113 | 135|142 | 176 | 248 | 375
T-z T-a T-a T-2 T-z T-a T-7 T-z T-z i —O. 15
Sb{ 82|77 | 75 |106]| 98 | 97 | 161 18.1‘ 19.8 Sb -
T-z T-a T-a T-z T-a T-a T-z T-z T-z
i 10.2‘ 10.3‘ 10.8‘ 12.8 | 13.7 | 14.1 | 204 | 25.2 | 28.7 L o i o
I 0 0 I 0.20
Tz Tz Tz T-a T-a T-a T-a T-a T-a

Bolle, Mikkelsen, Thygesen, Vegge, and Castelli, npj Comp. Mater. 7, 41 (2021)
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Dichalcogenide Nanotubes — Formation Mechanism

oo
>4
>4
Trends:
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T 80
g
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Bolle, Mikkelsen, Thygesen, Vegge, and Castelli, npj Comp. Mater. 7, 41 (2021)
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Dichalcogenide Nanotubes — Formation Mechanism
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Dichalcogenide Nanotubes — Formation Mechanism

oo
oo
oo
Trends:
® Jands-CaI-CaI OTe < OSe < OS < STe < SeTe < SSe
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Bolle, Mikkelsen, Thygesen, Vegge, and Castelli, npj Comp. Mater. 7, 41 (2021)
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Dichalcogenide Nanotubes — Prediction of Radii and Energies

o
o
o
801 mmmm Poisson Timoshenko: lattice mismatch between MX, and MY, 2D sheets
B Inner-bond Inner-bond: lattice mismatch between MXY and MY, 2D sheets
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Bolle, Mikkelsen, Thygesen, Vegge, and Castelli, npj Comp. Mater. 7, 41 (2021)
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@ Multiwalls Nanotubes: MoSTe

Strain Energy
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Lan, Kapunan, Bolle, and Castelli, in preparation (2022) X
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What is

o += Multiwalls Nanotubes: MoSTe — Band Gap happening?

Smgle wall nanotube

Energy (eV)
Energy (eV)
Energy (eV)

Energy (eV)
Energy (eV)
&P
,..""...".'.
(ES9osEED
_E
&=
Energy (eV)

Inner-Te-d
Outer-S-p
Inner-S-p
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o Beyond the MoS,/Cdl, Nanotubes — IV-VI Janus Tubes
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Zheng, Bolle, Vegge, and Castelli, in preparation (2022)
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o Beyond the MoS,/Cdl, Nanotubes — IV-VI Janus Tubes
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Zheng, Bolle, Vegge, and Castelli, in preparation (2022)
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Beyond the MoS,/Cdl, Nanotubes — IV-VI Janus Tubes

oo
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14958 s
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Zheng, Bolle, Vegge, and Castelli, in preparation (2022)
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Zheng, Bolle, Vegge, and Castelli, in preparation (2022)
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Beyond the MoS,/Cdl, Nanotubes — IV-VI Janus Tubes
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Zheng, Bolle, Vegge, and Castelli, in preparation (2022)

What is the
formation
\ mechanism?

PbGe
PbSn
SnGe
Pby
Sny

Gez

0.04 -

0.02 -

Estrain (eV/atom)

—0.04 A

—0.06 1

-0.08

0.00 -

—-0.02 4

Beyond the MoS,/Cdl, Nanotubes — IV-VI Janus Tubes

Zigzag

—— PbGeSeTe
PbGeSSe
—— PbGeSTe
—— PbSnSeTe
PbSnsTe
—— PbSnSSe
—— SnGeSeTe .|

—— SnGesSSe -
~—— SnGeSTe 3

0 20

40 60 80 100

Radius(A)
R_min(A)

SeTe SSe STe Sy, Sey; Tes

50
15.37 | 16.17 23.77 | 25.15 | 25.31 '
25.91 | 30.76 — 40
17.16 | 18.42 30.75 | 32.4 | 32.38

— 30
24.16 — 20
22.12 | 30.98 | 17.32

10
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Beyond the MoS,/Cdl, Nanotubes — IV-VI Janus Tubes

<=
o
Zigzag
h o001 —— PhGeSeTe
PbGeSSe
aTu U — e
DD 90 oL Y N .{v '(/\ | =

Est (ev/atom)

=4 LeLES Exfoliate ? F- Roll ;< 4 A | =
bz ?) 'ef—% : i _‘1 - % 57555 —— SnGeSTe 3
&y yq v ‘ \\ J 1‘ ‘ L:L F'_L d -0.04 5

fV £ ‘*Q %‘ <> L

X M ~0.06
o 20 40 I 60 80 100
SeTe SSe STe S, Se, Tep —min(®)
3D - Bulk 2D 1D ele ooe oSle oSy Sex  ley n
PbGe | 15.37|16.17 23.77 | 25.15 | 25.31 '

PbTeGeS Y

: S ok 108] PbSn | 25.91 | 30.76 — 40

44 i —

i 1.06

] o What 1s.the SnGe |17.16 | 18.42 30.75 | 32.4 | 32.38
s S 12 formation L 30
L M ~  1.004 .
S o § oo , mechanism? Pby | 23.09 %
EER § 0.96 =

24 0.94 1 S

-3 0.92 4 1'12 2416 — 20

-4+ 0.90 \.

_SG X M G Y M Roowoe Gey | 2212|8098 | 17.32

10

Zheng, Bolle, Vegge, and Castelli, in preparation (2022)
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ﬂ Autonomous Discovery of Battery Electrodes

oo




D.TE

o

Cathode Materials for Mg-ion Batteries

Why Mg-ion Batteries?
* Multivalent battery

* Increased capacity compared to LIB , e — /"
L oi 0
 Abundant resources ) O 5
)
Main challenges? N o— OOOO 5 OOO
« Unstable electrolytes .:O: o— . 3 i, OE 5
 Poor cathode materials: "“ © 00 5 00
i @ — '_O OO0 '
* low open circuit voltage (OCV) .‘.‘ 7 B
Y ) )
* low charge/discharge rate ‘.‘a O— OOCKQ OOD
» o ¥

State-of-the-art cathodes:
Mg Mo;Og4 (0<x<2, Chevrel) - OCV ~ 1.1V

Canepa et al., Chem. Rev. 117, 4287 (2017)
Aurbach et al., Nature 407, 724 (2000)
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DTU Th e W OI‘kﬂ OW More details: Bolle - Wed 17th, 11.50

o
o
o
Automate the calculations of key thermodynamics and kinetic properties

Accelerated screening of known (ICSD/Materials project) or unknown materials (structure prototype)

2, 4, K %JC; %J"’o . : Batteries
By e g Mo % % | ) & Supercaps

discharged4{ 0.01 0.03 0.00 0.00 0.03 0.09

charged- 0.06 ‘ ﬂ 0.36 0.42

0.0 01 0.2 03 0.4 05
Epun (€V/atom)

Prepare Optimize s—
Optimize L Decision _, Vvacancy vacancy Decision PrI(\eIEaBre Optimize Decision
unit cell Stability defect defect ocv h NEB Diffusivity
structures  structures paths paths

WILEY-VCH

Bolle, Mathiesen, Nielsen, Vegge, Garcia Lastra, and Castelli, BatteriesSupercaps 3, 488 (2021)
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== Autonomous Workflow for Thermodynamic and Kinetic Properties
o
Workflow
steps
Prepare | Crystal structures |
Decision Optimized Relaxed
Optimize > deionized > defect — | Initialized | Relaxed NEB
unit cell structures NEB paths paths
_| Optimized A
In pUt "l unitcell [ | SHpereell 1
Reference
unit cell
barameters [ General workflow } ! il
| — v \ 4 4
lon . 3. Prepare 4.0Optimize i:
Material ID 1 1(.10.ptl‘m|(zje A vacancy _  vacancy 5. Decision o 6. Prepare Optimize = 8. Decision
Magnetic state — ( el(')thTI ) > Stability > defect defect ocv NEB paths NEB Diffusivity
NEB path length LLCce structures structures paths
Potential threshold A
Diffusivity threshold
Stability threshold
: ? OCV at low/high
v 1 2010 Diffusivity at
Volume change, .
v high/low SOC
f Epuiat charged/ < _ .
Reference discharged state lon site symmetries
structures
workflow

Bolle, Mathiesen, Nielsen, Vegge, Garcia Lastra, and Castelli, BatteriesSupercaps 3, 488 (2021)
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Autonomous Workflow for Thermodynamic and Kinetic Properties

o
o
o
Workflow
steps
Brepare  Crystal structures |
Decision Optimized Relaxed
Optimize > deit?nized > defect — | |Initialized | Relaxed NEB
unit cell structures NEB paths paths
_| Optimized A
Input N Snit cell [ ] SHpereell 1
Reference
unit cell
- General workflow
Parameters » v
| S v \ 4 4
lon 1 0utinie 3. Prepare 4.0Optimize i:
Materia! ID > (éeiznized) NEE vacancy vacancy 5. Decision 6. Prepare Optimize 8. Decision
Magnetic state =i unit cell > Stability > defect defect ocv NEB paths NEB Diffusivity
’:EtB p:_”;:re‘“gt: ¥ structures structures paths
otentia resno A
Diffusivity threshold
Stability threshold
: ¢ OCV at low/high
v 1 ol Diffusivity at
Volume change, .
v high/low SOC
Reference Epuiat charged/ < _ .
structures
workflow
Larsen et al., Journal of Physics: Condensed Matter 29, 27 (2017)

Bolle, Mathiesen, Nielsen, Vegge, Garcia Lastra, and Castelli, BatteriesSupercaps 3, 488 (2021) Mortensen et al., Journal of Open Source Software 5, 1844 (2020)
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oo

Preparation of the Structures

Optimized )
charged unit cell J

(all Mg removed)

Supercell low SOC
(1 Mg removed)

NEB path low SOC
(1 Mg removed)

\ W g
o | AR o (T
W7 A | & ) \

&% : | . Properties:
Supercell ! \‘y‘k : ;) ‘ \

9 unique structures to optimize

s
oR N

.| 1) Stability (< 0.2 eV/atom)
o L
~ Optimized | i 2, Supercell high SOC NEB path high SOC
discharged unit cell B 007/% (all but 1 Mg removed) (all but 1 Mg removed)
e 3 Sy
Optimize + constrain + scale <& /Yg ‘/\
\ ,

constained unit cell

| & \ \\
\‘v NEB \"‘ \ ‘\‘
\ g Y dt b |
S \ x
"/ Optimized charged- J

.
SN R |
\ 0 |
i i % P Vg
» 1
{all Me remeved) | [General workflow ] l ‘ [ l ‘ l | l
|
_ 3. Prepare 4.0ptimize 7/
:'égs:ir:;:; 2. Decision vacancy vacancy 5. Decision e 6. Prepare
it Stability defect defect ocvV
‘ structures
Bolle, Mathiesen, Nielsen, Vegge, Garcia Lastra, and Castelli, BatteriesSup

e Optimize Ly 8..De(:|'5|'on o
NEB paths NEB Diffusivity
structures paths
I | | T |
ercaps 3, 488 (2021)



DTU :
== Preparation of the Structures
o>
( Optimizgd ) Supercell low SOC W NEB path low SOC 9 unlque StruCtureS tO Optimize
(ca r;r ;ﬁ;?eumnzvfél) J (1 Mg removed) (1 Mg removed)
‘ A

| \ \
NEB “

. Properties:
‘w\k” . 4 ‘\

Optimized
l discharged unit cell |

S \1\ 1) Stability (< 0.2 eV/atom)

Optimize + constrain + scale

(

NEB path high SOC
(all but 1 Mg removed) (all but 1 Mg removed)

| o \ \
\‘ \
NEB ' ‘

; ) o8 \i PO 1 \ \
™ i ‘\/
[ GeneralworkfIOWJ | l
| .

2) OCV (better than state-of-the-art)
Supercell high SOC

Optimized charged-
constained unit cell

(all Mg removed)

1. Optimize
(deionized) ‘

e

3. Prepare 4.0Optimize
2. Decision vacancy vacancy 5. Decision
unit cell Stability defect defect
structures
Bolle, Mathiesen, Nielsen, Vegge, Garcia Lastra, and Castelli, BatteriesSup

74
N 6. Prepare Optimize Ly 8..D8CI'SI'On o
ocv NEB paths NEB Diffusivity
structures paths
I l ! T |
ercaps 3, 488 (2021)



Preparation of the Structures

o
o
o
( cha?::;nﬂz?:cell y Supercell low SOC { NEB path low SOC ’ 9 unique structures to Optlmlze
(all Mg removed) (1 Mg removed) (1 Mg removed)

£2 £ )
R 2 e 5
s WO
WIS TS

=

<o\ Properties:
1) Stability (< 0.2 eV/atom)
2) OCV (better than state-of-the-art)

wmgseen ) Diffusion (Nudged Elastic Bands
L(all buthgremoved)J MethOd, NEB)

Optimized

l discharged unit cell |

Optimize + constrain + scale

Supercell high SOC
(all but 1 Mg removed)

’/ Optimized charged- J

constained unit cell = ) \ . \
(2l Ma removed) ~ General workflow ) l I l
| : e , v ;
1 Optimize ‘ Raf 3\-/:::5"?6 4-\1032221'23 5. Decision 6. P r (0] ti7r;1ize 8. Decision
(deionized) . 2. Decision Y y > greparc s P A
: ‘ Stabilit defect defect ocv NEB paths NEB Diffusivity
unit cell Y
structures structures paths

l | A I - /

I 1

\\
1

Bolle, Mathiesen, Nielsen, Vegge, Garcia Lastra, and Castelli, BatteriesSupelrcaps 3, 488 (é021)
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o1y NEB Method

o
o
o
Find transition states and minimum energy paths between reactants (initial) and products (final)

Expensive as many images needs to be calculated /

\
Conventional NEB -
A /\\
P

Accelerated NEBs: use symmetries to reduce the number of images

>

=i

Q

c

w

AE
— ¥ o—>
Path

Henkelman and Jonsson, J. Chem. Phys. 113, 9978 (2000) Inltla image \ Flnal image

Mathiesen et al., Journal of chemical theory and computation 15, 3215 (2019) Intermediate imaies



o1y NEB Method

o
o
o
Find transition states and minimum energy paths between reactants (initial) and products (final)

Expensive as many images needs to be calculated %

~_

Conventional NEB Reflective NEB /\
: ' ot

Accelerated NEBs: use symmetries to reduce the number of images

>
al
(O]
c
L
AE \‘\\ \
— ¥ O— J‘Qa-__e S
Path
Speed-up: 2

Henkelman and Jonsson, J. Chem. Phys. 113, 9978 (2000)

Initial image | Final image

Mathiesen et al., Journal of chemical theory and computation 15, 3215 (2019) Intermediate imaies



4L Accelerated NEBs

oo
- Conventional NEB
Climbing image (find transition state) A
- O—>
. Path
7 images

, i
A : e A i 20
: II \,\\ | / \\
Lo S v/ ‘
1 7 \ [ \
: /I \\ > U ‘\
3 s \ o i u\ \
N 1 X
o P O [ X \
o : N u c i A 5
1N i AN \ L i \ \
1 < \ . \‘ \
: .«\ t; : ‘§ \\
i > N 1 \~ b
| \&\-\... Py : - h\sxg..“\ . ‘>
Path Path
4 images 2 images 4 images

Henkelman and Jonsson, J. Chem. Phys. 113, 9978 (2000); Mathiesen et al., Journal of chemical theory and computation 15, 3215 (2019)
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4L Accelerated NEBs — in the Workflow

o
o
o
Conventional NEB RNEB
A A i e Inital and final site symmetry equivalent?
e o
i /' ‘\ yes
§ § PN ‘\
< & PN Reflection symmetry?
w w i BN \
i < \
i .«\\ ':‘\' yesl\‘
: \\'S:\~\-.~._L\
- Path - B Pa:lth = RMI - NEB Optimize conventional NEB
RMI - NEB CI - RNEB Barrier above diffusivity threshold?
A i 7N A E l/::\ no
| o i i 3
i // \‘ E 7 “\
) i ’\ \ § VN ‘\ CI-RNEB to check global maximum
1 X Y
o : N, \\ - : S X \ done
1 \‘ \ : \\\ &
i \~§ \\\ : \\‘e\\\
i Rz ~ {: i e “S—
ol = .. CAN WE ACCELERATE THIS EVEN

FURTHER????

<Y e . _ th
Bolle, Mathiesen, Nielsen, Vegge, Garcia Lastra, and Castelli, BatteriesSupercaps 3, 488 (2021) More details: Bolle - Wed 17, 11.50
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~100 Materials from the ICSD database

1) stability and volume change

2 Candidate Materials from the ICSD Database

( Chevrel

A EEMNMBEIL
N B
o B R B B B
; | [
5 R B
& [ .
| et
S -8
[
: B
E —10/
S
o -
_14_
I‘OV 'ov Ov ov \”) -\”)
ok ¥ Y & o o
S °© & S g 2
é\ @ é é’\' ég’\/
% o
& N
Chevrel Spinel Garnet

Bolle, Mathiesen, Nielsen, Vegge, Garcia Lastra, and Castelli, BatteriesSupercaps 3, 488 (2021)

~N

) (b) Mg,Ti, Oy (c) Mg,V,04 (d) Mg,Mn,,0,

Garnet

%,
S, Q Q 2
dischargedq 0.01 | 0.03 | 0.00 | 0.00 | 0.03 | 0.09
charged{ 0.06
0.0 0.1 0.2 0.3 0.4 0.5

Epun (€V/atom)
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@ Candidate Materials from the ICSD Database

~100 Materials from the ICSD database

Spinel

1) stability and volume change

2) OCVs

L}€§‘

-

13 d
(b) Mg, Ti,Og (c) Mg,V,04 (d) Mg,Mn,05

Garnet

3) Diffusion Barriers

Mgy,Crg(SiO4);, (f) Mg1,Mng(SiO,),,

T ' 1.2 T H
OCV at low SOC ! : low soc | |
4.5 H i
@® average OCV A EE high SOC
4.00 A OCV at high SOC ) Py 1.0 ~ 5
351 ] e |
=30 :
v A & =
gz.s- A @ A £0.6
$ 2.0 i
1.51 o 0.4
ol 4 9 o
' 0.2
0.51 I l
0.0 s -~ . " z o 0:0 o
= S
g & £ & o 7 o'
é @ (5'\/ $\’\/ sQ’\:
éo';’ é\ogv é9?’
Chevrel Spinel Garnet

Chevrel Spinel Garnet
Bolle, Mathiesen, Nielsen, Vegge, Garcia Lastra, and Castelli, BatteriesSupercaps 3, 488 (2021)
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@ Re-use the Workflow: Ca-ion Batteries

Abundance, multivalent ion, redox potential

a6 7.5
7.0 @® Average OCV
. 5.0 ) 55 30 i A OCV high SOC
5 54 2 66 60 6.5
~ aterials from the atabase yow . 518 oot
4.5 4460 El EES o ~6
a5 s 25 >
. [T T 4758437 g b4 63 68 -
S 4.0 é 826 49 27 17, 4111 67 = .g
mmm Disharged “ &2 o245t 30 % 61 20 & <
mm Charged 'E 35 37 15 13 2340 4189 g =
CaMoO; -- P2_1/c -- [0] < 14 *° = s
Ag2CaV40i2 - P4/nbm - [1] 9 6 38 8500 4 15 ® )
CasFes017 -- C2 -- [2] o 3.0 32 2 N S >
CaFe 06 -- Cmcm -- [3] 4 a 7 20 ©
CaFeO; -- P4/mmm -- [4] 4 [0} <] 22 ] =
CayFe;0s - Pnma — [5] { 55 35 o 10 £ 9
CaFesO; -- Cmem -- [6] © < 2 -
CaV,04P; -- Pnma -- [7 [ o
CaNiVOoP; - Pnma -- [8] 31 >
Ca;Mn;0s - Pbam -- [9] 2.0 32 5
CaFeReOg — P2_1/c -- [10
CaMnHOsSi -- P2 12 12 1 --[11]
CaMnO;P, - P-1 -- [12]4 15 25
CaCoAsHOs -- P2 12 12 1 --[13] 1 . 0
CaCo204 -- Pnma -- [14] 1
Be3CaMn;01,Si; -- P2_1/c -- [15] 4 Mi-Chevrel
Ca;MnH4010P; - P-1 -- [16] 1.0 TG
CazMnAs;H;010 - P2_1/c — [17] 1 _5
CaV;0s -- Pmmn -- [18]
CaCr20; -- Pnma -- [19] y T u T u T T T
CaMoO; -- Pnma -- 20]1- 50 100 150 200 250 300 350 400
Chevrel - [21] 1 : . -
CaV,0. ~ Pnma - [22]1 Gravimetric Capacity (Ah/kg)
CaMnOgSiz - C2/c - [23
Ca;LiMn;HO15Sis - P-1 -- [24] 1
CaLisMnN3 — R-3 - [25] {
CaFeGe,05 - C2/c -- [26] 1 X ~
CaCrOPy ~ P1 - [2711 ss RMI-NEB Low SOC CI-RNEB Low SOC
CaCoO5P; -- P-1 -- [28] i
Bi;CaNb,0q ——7\42/mmm - [29]4 5.0 L AQ2C3.V0012 - [1] 4 : ﬁnga.VAOu --[11
CaFeO4Si; -- C2/c -- [30] { — 3
CaCoV,0; - P2_1/c -- [31] = 4.5 Ca;cl:zousia - 160] 1 : Ca3Cr201,5i3 - [60]
ga‘_n,o,, - ancm --[32 - 4.04 ]
CaCo0¢Si; -~ C2/c -- [33] 1 © 1 CaCr,04 -- [19] 1 CaCr,04 -- [19]
Ca,Fe;HOs5Sis -~ P-1 -- [34 £ 354 1 ) 1 1 °
CayS55b, — P2_1/c - [35] 1 % 30 1 i 1
aCr;04 -- Pmmn -- [36] 1 5 297 1 1
BizCaCu,Sry0s -- 14/mmm -- [37] 4 a 2.5 1 < I
CazFeq0y3 - C2/m - [38] 1 Y0 1 1
CaCr,0gP; -- C2/c -- [39] .0 ; 1 ;
CaCra0gP: - LC2/e - 1391 ) g s ] | CaLisMnN; -- [25] | : CalislnN; [25]
CaFe,0; - Pnma -- [41]4 o 1 I °
CaFeAs;07Sb - 14_1/a - [42] 4 > 1.0 I 1 I
CaMnB,Os -- P2_1/c -- [43] 4 " < 1 1
CasMnPbyO33Sis - P-6 -- [44] - 0.5+ 1 1 1
CaPb3As3ClO; - P6_3/m - [45 - 0.0 —1 . : . —1 . . .
CaNio,P, = P-1 -- [46] - s
Ca3Cr3016Py -- P-1 - [47 e ) )
Ca,MnReOs -- P2_1/c -- [48] 4 e RMI-NEB High SOC CI-RNEB High SOC
CauPbeClronie o Sim 301 - >3 1
24PbeC0215i6 - P6_3/m — ] t— ] A§2CaV40y; - [1 ir= ] Ag>CaV401; - [1
y G R B o 50 %2 avaOr2 [11 Ca;Cl’;OuSl; [60] H 92CaVa0r2 [11
CaNb204 - Pbecm -- [52] 4 ] > 4.5 1 g 1
Ca3Mn;044Sis - C2/c - [53] 4 — S 1 1
CaCuC4Ha0s - P2/c - [54 S— T 4.0 - 1 .
CaNiAsHOs - P2 12 12 1 - [55] p—— S 35 Cac:rzg“ [19] ] CaC:r2.04 (191
CasMn3B3CO;5 - P6_3 - by aC) B | |
CaNiOgSi> -- C2/c - [57]1 A— 2 3.0 1
Ca;MnWOs - P2_1/c -- [58] { e 2 1 1
Ca;Mn;Ges052 1/a - [59] S— 259 1 1 I
CasCr;0,,5i3 - 1a-3d -- [60] 1 A Y 204 1 ] 1
Ca;C0,05 - P2_1/m - [61]1 S ® CaLijMnN; -- [25] CaLiiMnN3 - [25]
Ca;C0,0s - Pbcm -- [62] 5 1.5 i® 1 ®
Ca,C0,0s -- P2/c -- [63] | 20 1 ] 1
CaFeClO; -- C2/m -- [64] 1 g 1 1
Ca3Mn;01,Si; -- 14_1/acd -- [65 054 H J H
Ca;Mn30g -- C2/m -- [66] 1 1 1
CaMnOs3 -- Pnma -- [67] 4 0.0 T T T T T T T T
Ca,FeMnOs -- Pnma -- [68] 1 — 0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 15 2.0 25
Diffusion Barrier (eV) Diffusion Barrier (eV)

-1.0 -0.9 -0.8 -0.7 -0.6 -0.5 —-0.4 —-03 -02 -01 00 0.1
Convex Hull Energy

<}
N}
°©
w
o
IS
o
n
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@ Re-use the Workflow: Antiperovskites for Solid-State Batteries

o
Li

Higher capacity and safer devices — Limitations: low conductivity 0“2 %)

Antiperovskites (Li3BrO, Li;ClO,...)
1) Electronic conduction
« Large band gaps

2) Ionic conductivity

« High ionic conductivity

3) Stability:

» Stability against lithium-metal
anode

* LigBrO and Li5CIO stable vs
Li/Li* redox potential

 Often unstable in water
4) Mechanical properties

* Resistance to dendrite
penetration

5) Sustainability

« It can accommodate diverse
elements (Li, Na mostly
synthetized)

DTU Energy



@ Re-use the Workflow: Antiperovskites for Solid-State Batteries

oo

Higher capacity and safer devices — Limitations: low conductivity
Antiperovskites (Li3BrO, Li;ClO,...)
1) Electronic conduction
« Large band gaps

2) Ionic conductivity
« High ionic conductivity D?tal)-ase-based
3) Stability: selection:

Stability under
operating conditions:

Thermodynamic @ Ionic Conductivity:

d Sta.t()llllty against llthlum'metal . Geometric fllter Stablllty: ° Real band gap
anode
: . « Migration
* Li3BrO and Li3ClO stable vs . - .
Li?}Li+ redox potential - Band gap value J|° Enerey above energy barriers » + Stability with
Oft . bf _ . the convex hull (NEB methods moisture
. en unstable in water within DFT)
4) Mechanical properties * Sustainability . Electrochemical
 Resistance to dendrite gi’:ritgzzsnt stability window vs

penetration
5) Sustainability

e It can accommodate diverse
elements (Li, Na mostly
synthetized)

DTU Energy
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M

ogration Barriers and Electrochemical Stability

Crbsrer) 0.28 Rb3TeH  |— o 52 Monovalent cation stable
Ccasred) 0.44 Ca3TeC | 0.00 against cation-metal
Ca3snO 0.83 Ca3snO | 0.00
Ca3AsN 0.41 Ca3AsN 1.76 . .
23600 058 23620 | 0.00 Multivalent cation less
Ca3sio 0.59 Ca3sio |0.00 stable against metal
K310 0.37 K310 1.26
K3BroO 0.20 K3Bro 1.62
Mg3TeC 1.17 Mg3TeC | 0.00
Mg3SeC 0.69 Mg3SeC | 0.00
Mg3AsN 0.60 Mg3AsN 1.25
0.47 Na3AuO 0.44
Na3Clo 0.25 Na3Clo 2.16
Li3HgN 0.70 Li3HgN | 0.37 0.55
Li310 0.41 Li310 2.02
@ 0.24 Li3TeF 1.84
@ 0.33 Li3TeH 1.51
Li3BrO 0.46 CLizsro ) 3.14
Li3SeF 0.22 Li3SeF 2.21
0.29 Li3SeH 1.53
Li3clo 0.40 (uicio ) 3.08
0.00 0.20 0.40 0.60 0.80 1.00 1.20 0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50
MEBs (eV) Electrochemical stability window (V vs Li metal)
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Can We Implement Workflows for Interfaces?

I

Angstroms Nanometers Micrometers Millimeters

|
Franco et al., Chem. Rev. 119, 4569 (2019)

INTERFACES

GOD MADE THE BULK; SURFAEES-WERE
INVENTED BY THE DEVIL.

WOLFGANG PAULI

DTU Energy



22 Can We Implement Workflows for Interfaces?

o
W Materials Project — https://www.materialsproject.org/ — Provenance: USA
Entries App Battery Workflow API
5 Total Entries 711,561 Phase Diagram -
©
S Intercalation Electrodes 4,730 Reaction Calculator VES Fireworks
Device & Conversion Electrodes 16,128 Battery explorer AI tw ;
o . Cathod S pymtgen '
node Electrolyte athode I xplore Molecule
Liquid Electrolytes 49,705 REdGFlow Battarlas YES Custodian
Bulk Iflt.erfaqal NA. Intel;;face Reaction VES
Pores with electrolyte Reactivity - (Bulk)
. The Open Quantum Materials Database — OQMD — http://ogmd.org — Provenance: USA
Carbon additive
M eso Total entries 815,654 Phase Diagram NO oQMD YES
Polymer binder Automatic FLOW for Materials Discovery — http://www.aflowlib.org — Provenance: USA
. Phase Diagram
Total entries 3,482,348 (AFLOW-Chull) NO AFLOW YES
Novel Materials Discovery — NOMAD - https://nomad-lab.eu/ — Provenance: Germany/EU
Total entries >11,000,000 Artificial Intelligence NO Qmpy, YES
A t . Toolkit
omic Materials Cloud — https://www.materialscloud.org — Provenance: Switzerland/EU
Current collector | Anode  Anode | Electrolyte  Electrolyte | Cathode  Coating | Cathode Total entries 7,502,686 = YES AiiDA YES
BIG-MAP App Store — https://big-map.github.io/big-map-registry — Provenance: Denmark/EU
DFT-Surface

ARTISTIC Computational Portal — https://www.erc-artistic.eu/computational-portal — Provenance: France/EU

Online Manufacturing

>111 (open since

Simulator
Total entries YES ARTISTIC NO
Interfaces between active material, . . July 2021) Data Explorer
carbon additive and polymer binder Anode | Solid electrolyte  Solid electrolyte | Cathode INNOV

Deng, Kumar, Bolle, Caro, Franco, Castelli, Canepa, Seh, under review (2021)
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@ The Case of the Solid Electrolyte Interphase

Graphite exfoliation, cracking
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The SEI Formation on Metal Single Crystals
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@ Possible Descriptors
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What is the role played by Li and by the interface?

Strmcnik, Castelli, ..., Rossmeisl, and Markovic, Nature Catalysis 1, 255 (2018)
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o Explicit Modelling of the Solid/Electrolyte Interface

o

o

o

Combination of molecular dynamics and DFT (Ab-initio MD, AIMD)
Study of the phase diagram of LP57 (EC:EMC 3:7w) with Li-atoms

Li coverages: 0 — 3 /16
Counter anion: PFg

Additives: VC, PC, ...

@

Castelli, Zorko, ..., Strmcnik, and Rossmeisl, Chem. Sci. 11, 3914 (2020)
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= Explicit Modelling of the Solid/Electrolyte Interface
Combination of molecular dynamics and DFT (Ab-initio MD, AIMD)
Study of the phase diagram of LP57 (EC:EMC 3:7w) with Li-atoms
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Li coverages: 0 — 3 /16

Counter anion: PFg
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Castelli, Zorko, ..., Strmcnik, and Rossmeisl, Chem. Sci. 11, 3914 (2020)



el Explicit Modelling of the Solid/Electrolyte Interface

Combination of molecular dynamics and DFT (Ab-initio MD, AIMD)

Study of the phase diagram of LP57 (EC:EMC 3:7w) with Li-atoms

Li coverages: 0 — 3 /16
Counter anion: PFg

Additives: VC, PC, ...

@

RTINS
OReSeie. ]
'/"\\/LA“’MA s .
RIS >
0.8 , - . :g
00 : 1 Ll .”-.b' .‘g
08 mc-o  / 1 0 Li ] 2
— nPC = 0, o o
1.6 T= 3OD.OK ‘ Q.‘
—2.41 2 ;[11 ,
| 1
0

Ugre (V)

DTU Energy

1000 -|5E —
- -
— 0.02 - Yl 4 y a4
NE N ., // / / /
2 0041 TS ;! /!
.E. i \\\ / / / /
> 0064 | \ \L / / /
2 AR NS / / !
& 008 \ NY /
§ -0.10 N/ \ /
E Y I\ N/
3 0121 % ! X /
. N \\ / \\-/ \\ /
-0.14 ¥ -
- Cu (111) < Au (111) < Pt (111) <Ir (111)

14 16 18 20 22 24 26 28 30 3.2

E [V vs. LilLi']

Li-adsorption Potential

AR AR AR A A
! i bl LEb] kb LEL] LEE] KL LiH |

IIITIIIIIIII[IIII

g PN o
0/

7/

7/

34

Castelli, Zorko, ..., Strmcnik, and Rossmeisl, Chem. Sci. 11, 3914 (2020)



Reaction Paths on Au(111) in LP57

Note: the potential should be kept constant during the
reaction and equal to the Li- adsorption potential!

HE

Li = purple

F = green

H = white and blue (from HF)
O=red

C =gray

Strmcnik, Castelli, ..., Rossmeisl, and Markovic, Nature Catalysis 1, 255 (2018)
Au = yellow

Castelli, Zorko, ..., Strmcnik, and Rossmeisl, Chem. Sci. 11, 3914 (2020)
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Reaction Paths on Au(111) in LP57

without Li-participation Note: the potential should be kept constant during the
reaction and equal to the Li- adsorption potential!

HE

Li"+H +F"
A :.
Q ..°
NG
Li = purple
F = green
H = white and blue (from HF)
O=red
C =gray
Strmcnik, Castelli, ..., Rossmeisl, and Markovic, Nature Catalysis 1, 255 (2018)

Au = yellow

Castelli, Zorko, ..., Strmcnik, and Rossmeisl, Chem. Sci. 11, 3914 (2020)
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Reaction Paths on Au(111) in LP57

Note: the potential should be kept constant during the
reaction and equal to the Li- adsorption potential!

HE

Li'+H +F"

Li = purple K
F = green with Li-participation b LiF*+H"
H = white and blue (from HF)

O=red

C=gra
gray Strmcnik, Castelli, ..., Rossmeisl, and Markovic, Nature Catalysis 1, 255 (2018)
Au = y ellow Castelli, Zorko, ..., Strmcnik, and Rossmeisl, Chem. Sci. 11, 3914 (2020)
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Reaction Paths on Au(111) in LP57

Note: the potential should be kept constant during the
reaction and equal to the Li- adsorption potential!

HE

Suggested mechanism

4
-
.

L)%
SR N

Li = purple

F = green with Li-participation LiF+H*
H = white and blue (from HF)
O =red

C =gray

Strmcnik, Castelli, ..., Rossmeisl, and Markovic, Nature Catalysis 1, 255 (2018)
Au = yellow

Castelli, Zorko, ..., Strmcnik, and Rossmeisl, Chem. Sci. 11, 3914 (2020)
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== Steps for a Possible Workflow

W Inspired by the Atomic Scale Recipes (ASR), Go modular!

Bletlce : 1) Workflow for adsorption energies
Anode Electrolyte Cathode
2) Workflow for MDs B
\’\M"’

Pores with electrolyte “0#‘“

Carbon acive 3) Workflow for reaction paths/NEBs

Polymer binder

Current collector | Anode  Anode | Electrolyte  Electrolyte | Cathode  Coating | Cathode

Solid State Battery

¢ @

Anode | Solid electrolyte  Solid electrolyte | Cathode

Interfaces between active material,
carbon additive and polymer binder

Deng, Kumar, Bolle, Caro, Franco, Castelli, Canepa, Seh, under review (2021)
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* Accelerated design and investigation of 1D nanotubes (single-, multi-walls, various prototypes,
from stability, to electronic and catalytic properties)

Conclusions

 Autonomous workflow for battery materials (intercalation and solid state electrodes)

 Workflows for interfaces... are we there yet? Let’s go modular
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Heatmaps of radiuses of Janus nanotubes

I

SeTe SSe STe S2  Sex Tez SeTe SSe STe S  Sex Tex R_min(A)
PbGe | 1381 | 1667 | 10.75 | 29.23 | 24.62 | 22.11 1537 | 16.17 | 11.34 | 23.77 | 25.15 | 25.31
PbSn | 2336 [ 34.25 | 16.32 2591 | 3076 | 17.3 — 40
SnGe 15.09 | 16.45 | 1062 | 29.96 | 26.69 | 28.36 17.16 | 18.42 | 12.19 | 30.75 | 32.4 | 32.38
— 30
Sn2 24.5 20.1 %% 24.16 18.6 — 20
Gez 22.65 | 3353 | 17.72 22.12 | 30.98 | 17.32 &
10

Armchair Zigzag

= The GeSPbTe nanotube shows the smallest R_min.
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Heatmaps of E_strain of Janus nanotubes

I

SeTe SSe STe S»  Ses  Tes SeTe SSe STe S, Se; Te,  E_strain(meV)
80
PbGe | -34.01 | -18.40 | -41.10 | -6.16 |-11.91 | -18.43 -48.40 | -39.00 -17.06 | -16.62 | -20.14 '
PbSn | -15.40 | -3.20 |-27.40| -2.19 | -0.76 | -1.00 -17.90 | -4.40 |-37.00| -2.63 | -0.03 | -1.01 — 60
SnGe | -29.00 | -15.00 | -37.10 | -3.76 | -8.74 | -8.97 -36.10 | -26.80 -8.57 | -9.18 | -11.22
— 40
Pb, |-48.62 -46.32 | -6.35
Sn, |-37.82| -5.80 |-39.83 ﬁﬁ -35.76 | -5.72 | -43.67 — 20
Ge; |[-23.25]-10.24 | -21.52 -24.09 | -10.41 | -32.76
2 0

= The GeSPbTe nanotube with the zigzag direction shows the most negative E_strain.
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