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Al and machine learning techniques can be applied in almost every field

Search Engine Translation Self-driving Security

- BWEEEZDD E LEAEMEZ, HL2EW0WTHRaIREY—IL
s H AT UORDAERICH L THI TICKELEE
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ML-aided research in chemistry (Material/Molecular Informatics)

ARTICLE

Planning chemical syntheses with deep
neural networks and symbolic Al

Marwin H. S. Segler!-?, Mike Preuss® & Mark P. Waller*

doi:10.1038/nature25978

REVIEW

hitps://dol.org/10.1038/s41586-018-0337-2

Current paradigm

Organic redox flow batteries

=

Material
concept

Molecular
synthesis

Device
construction

Feedback cycle

Testing and ( ()
characterization

Machine learning for molecular and
materials science

Keith T. Butler!, Daniel W. Davies?, Hugh Cartwright?, Olexandr Isayev** & Aron Walsh.%#

| AQDS
malecule

Device
prototype

Stability,
solubility,
voltammetry

“Closing the loop”

Inverse design

Generative Simulation/
process optimization

\

Integrated pipeline

Al/ML
Software ﬁ

Robotics

% Scaling and manufacturing ﬁ

Fig. 1. Schematic comparison of material discovery paradigms. The current paradigm is
outlined at left and exemplified in the center with organic redox flow batteries (92). A closed-loop
paradigm is outlined at right. Closing the loop requires incorporating inverse design, smart software
(93), Al/ML, embedded systems, and robotics (87) into an integrated ecosystem.

Sanchez-Lengeling and Alan Aspuru-Guzik, Science 361, 360-365 (2018)

Material/Molecular Informatics 2 87 (&9 TIZT—FE DRI ZFUNDH TLVB DY,

BIZEFWEYE - RICORARIERIZZRDEEH

— BHEE L. “SEIEAEICEWTIIAERIET HH.
NEEBICHEE T AEICEFHNGMERIERIT BIZETRE

Institute for Catalysis, Hokkaido University
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How about ML-aided catalysis research? (Catalysis Informatics)

God made the bulk;
the surface was invented by the Deuvil.

Length, time ACS Catalysis 2020 (Review)

MESTETEDNEDTAFTIVANERLLBAHIAFICE T AT —FRFFRARIREENATNS
—MRILWVWER - BEIRA 7 —IL TOEMBRETDGHERE - FETRAT 2ERIIHEILSN TGN
—ERMESBFTENARL—T Y FEERHLH L, BRT A/ SRR = H+-BEREE)

Institute for Catalysis, Hokkaido University 13



What makes for a suitable problem?

v Massive combinatorial search space
v/ Clear objective function (metric) to optimize against

v/ Either lots of data or an accurate and efficient simulator

Data availability
(Number of datapoints)

Cost of data acquisition
Data heterogeneity
Data quality
Interpretability

Purpose

Institute for Catalysis, Hokkaido University

Typical successful ML tasks
(Image recognition etc.)

Very large, typically > 100 million

Low

Possible to achieve high homogeneity
Typically no error

Typically less important

Substitution of human

Demis Hassabis@Deepmind

ML in science
(Material/catalysis informatics)

Small, typically < 1000

High

Typically multimodal with high heterogeneity
Can be large error

Important

New/novel discovery

14
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v/ Public databases 26
CCNOERRE TREICERBENODHEM. rener® I e
REEWIZF+5T + NULOPESRL + BEBRMOMENFEAL

v/ Public databases for surface (reactions) __
F—BBLIN, REH. = [y MATLANTIS
A EERE!? D MatlantisZE ONNPFI R/ N\ —O 3R -RERED KX 2

pubs.acs org/JACS 3

v/ Literature data
%5%%14:/ ‘\3/ {a-tstt $§¥E L,L \ o Machine Learning May Sometimes Simply Capture Literature

Popularity Trends: A Case Study of Heterocyclic Suzuki—Miyaura

INTAK, BIZHAERL U RERBLZ"T—28 T TRDHYZES, on o PR
SKHTIRHT A AR DBIR I DB AELN? R

; o~
ROYAL SOCIETY
Chemical o OF CHEMISTRY

Science

v High-throughput experiments (using robots)
[EEZSELY, . - Automation isn’t automatic...

\ ‘PE:RSPECTIVE

Automation isn't automatic

Melodie Christensen, ©2° Lars P. E. Yunker,? Parisa Shiri,? Tara Zepel,®
. Paloma L. Prieto, ©° Shad Grunert,” Finn Bork® and Jason E. Hein & *a

v’ Public experimental databases
A Unified Research Data Infrastructure for Catalysis

(IE 12': )ﬁﬂ y%ﬁ@%fg:if*%ﬁgjé 75\ 'iiﬁiu #Zi GE ATS Research - Challenges and Concepts

GER&AT'XLVSB Christoph Wulf! Matthias Beller,” Thomas Boenisch,® Olaf Deutschmann, Schirin Hanf,®!

SOCIETY Norbert Kockmann,™ Ralph Kraehnert,” Mehtap Oezaslan, Stefan Palkovits,™
Sonja Schimmler,” Stephan A. Schunk,% " Kurt Wagemann,"” and David Linke*™

- izﬂﬁ‘)b_jﬂy?ﬁ:f%é*igd) IJ\ﬁ:_gt‘y I~(+/ {/rTXx)-G%*%ﬁE L" h\o A The Digitalization of Edab\e Am;essit)\e |meroperame Reusab\e
HRBOMEIER)FAIREICT AFENVE Catalysis-Related Sciences ,O % @o '.".

Institute for Catalysis, Hokkaido University 15
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*Elements having the atomic number 3 (Li) through 83 (Bi) except O, Tc, Hg, and noble gasses were used as catalyst component candidates

TTEZTDLDIFRRFIFELLEND T, T2V EBOVTRLEVEE CIRERGE +
INSGET—3tEy FORYDHE2T—2Ey MZELEH

ChemCatChem, 2021, 13, 3636

b2 - BMHRBEELEFIZH T 5 51M4F!1? Chemisty Letters 2022 51, 269
XKT—AEZEMIZIEANE 20225 % AMLFESTRE

Institute for Catalysis, Hokkaido University 17



SMERIGHEBFE ET LRSS TSRS

SEITHEMLFAIAFV)THER L
MR ZEE M % RIPYMo(10)/TiO, it 1%
CcO ECHEEIERT S

X=0,1,2,..,10 wt%
RRES U F= Al o5 4B A D 15 7 (3 f3 K

- —————

P1(3)/M.(X4)-My5(X5)-M5(X3)-M4(X4)-Ms(X5) IO,
250 °C, 1 atm

Original dataset (ffi¥$145: £ TEERICLYERE)

CO, + H,

EEDRMEENGLEIMEZSTA I OFILT -2y bEER 505 x 205 = #9600k
— > SEEOFMTEN DA BMERICE TERBEEE (ca. MRHITHLEN - MATHTHE MR < 50
No. Element 1 ' Element 1 wt¥ _ Element 2 ' Element 2 wt¥ _ (r:norrfc?lr-zia:i?; ra_tle - X4E$ & L’ —C :6 N 504 X 204 - ﬁ:{:,60001'%"
1 Mo ‘ 10 ' ' ' 2 5540
2 V 10 0.8244
3 Ce 10 0.5557 ML model
4 La 10 0.5492
2 ; 18 82%3 ExtraTrees Regression (ETR)
¥ Ba 10 0.4044
8 Z 10 0.3301 = - . —_— 2 =
9 Ra; 10 0.2954 BB FELTCEELE-TEREE
10 Mg 10 0.2712
i:lg NKa 18 352‘1’3 Electronegativity
o 2 o1 Density
15 Sn 10 0.0723 Enthalpy of fusion
16 Zn 10 0.0721 Melting point
17 Ga 10 0.0629
18 In 10 0.0309 Group
ég ‘;1 18 ggégf Band gap in the most stable oxide form
21 Sb 10 0.0000 Oxidation number in the most stable oxide form
2 Mo 25 X 25 21511 E,q4 of CO, on metallic surface (obtained using VASP)
23 Mo 2.5 Y 2.5 18214
24 Mo 2.5 Ce 2.5 2.4294

25 Mo 25 La 2.5 21121
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Pt(3)/Rb(1)-Ba(1)-Mo(0.6)-Nb(0.2)/TiO,
& %&In situ/operando7 ¥t - R EmEN M b, F LR D& EN %A

Element

Function Method

Mo
Ba, Rb
Nb

Redox XAS

Base IR
Modification of electronic structure of Pt IR, XPS, Kinetic study
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Summary and future prospects

v’ Extrapolative ML method has been developed using elemental descriptor representation

ChemCatChem 2019, 11, 4537
ChemCatChem, 2021, 13, 3636
Chemisty Letters 2022, 51, 269

v The ML-assisted research has led to discovery of high-performance catalysts
(Current best catalyst = Pt/Rb-Nb-Mo-Ba/TiO,)

Nature Communications, in press
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