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Materials Design

* Goal of Materials Design

- Discovery of novel materials with desired property/function,
generally including optimization of property/function that
known materials already possess

* An Inverse Problem of Realization

REALIZATION
Materials Direct Problem
Properties
Structure
< Functions
Composition Inverse Problem

DESIGN



Computational Materials Design: CMD®

e CMDP®is the theoretical design/optimization of materials with
desired property/function. Specifically, CMD® involves the
efficient use of computational techniques to conduct
calculations based on the basic quantum theory.

* Key Developments of Emerging CMD®
- Quantum Theory of Electrons

» Electronic states governing most of properties (and often
functions) that materials possess

- Computational Techniques: Methods, Algorithms, and Codes

- High-Performance Computers

* The purpose of the CMD® Workshop is to provide the
fundamental knowledge and techniques needed to enable
materials design by computations.
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Computer exceeds Human Brain?

" Yes in chess in 1997

" Yes in Japanese chess in 2013
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Catalysis

Catalyst accelerate chemical reactions by
reducing activation barriers but it itself does not
change before and after chemical reactions.

A + B = AB

A
\4/ Without catalyst

Energy




Ammonia synthesis

Fritz Haber Carl Bosch
Haber—B h The Nobel Prizein  The Nobel Prize in
aber—bosch process Chemistry 1918 Chemistry 1931

N, + 3H, & NH, + 46.1 kJ/mol
Iron promoted with K,O and Al,0,(Fe;0,*Al,0,-K,0)

First manufactured using the Haber process on an
industrial scale in 1913 in Germany

- 80% Fertilizer, plastics, fibers, explosives



Nobel Prize 2007: Gerhard Ertl

® Contribution to Surface
Chemistry

® Elucidate chemical reactions at
solid surfaces in atomic level.

Gerhard Ertl
The Nobel Prize in Chemistry 2007



Suzuki-Miyaura cross coupling

l______l

| Pd(H)l
LR Pd(())
reductive oxidative
elimination addition
RI-Pd(II)-R? RI-Pd(1I)-X
® : .o transmetalatzon dzsplacement

Important in synthesizing
molecules for liquid crystal M-X M-R?
display, organic electro- RIR? = £EHALAY)

luminescent devices, and drugs. X=nR7



Three way catalyst for Automobil Exhaust Gas

®* Convert the following three emission gases.

CO + O,-> CO,
NO + CO -5 CO, + N,
HC + O,-> CO, + H,O
* =scfitt¥ (Three Way Catalyst)
®* Pt-Rh(10:1). Pt-Pd-Rh. Pd-Rh., Pd7&
* RhIEEIRRMIZELLY,
® Pt: South Africa 74%. Russia 14%
® Pd: South Africa 25% Russia 70%
®* Rh: South Africa 67%. Russia 17%




Fuel Cell

Polymer Electrolyte Membrane Fuel Celi

|
\ F\/ o
N
— B0
a 5
Hy+>2H* +2¢] |& = | % 0,72H' + 2¢O H,0
Pt-Ru & Pt+Fe, Co, Ni
H2 — _'—— ()2
CO poisoning Low Activity

il D FRBE & [RAKRTF 1%

i



Catalysis
® Catalysts are important in not only industries but also in
energy problems and environmental problems.

- It is necessary to design catalysts with abundant
elements.

—> By elucidating reaction mechanisms, it will be possible
to design new catalysts theoretically.

It is possible to clarify mechanisms of chemical
reactions from first-principles simulations.



O, Adsorption Energy: Substrate metal dependence
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220+

P33

|. Toyoshima and G.A.
o Somorjai, Catal. Rev. Sci.
B Eng. 19, 105 (1979).
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Heat of Adsorption (kcal/mole)

L o
O O
R
a

|

°o o
i
1

S SN N NN NN NS NN N DU N S |
Sc i V Cr Mn Fe Co Ni Cu Zn Ga Ge O
Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn 0O
La Hf Ta W Re Os Ir Pt Au Hg Tl Pb A




CO Adsorption Energy: Substrate metal dependence

Heat of Adsorption (k cal/mole)
I

80— —
60 =
a0} .
20} °
S S RO N S N S S B T N

Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge ©O
Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn O
La Hf Ta W Re Os Ir Pt Au Hg TI Pb A



CO

CO Adsorption State: Substrate metal dependence

HB IVB VB VIB viB VI Vil Vil 1IB
Sc Ti Vv NiM Cu
D
-
Pd
Y Zr Nb ¥ Ag
La |Hf |To TPt |Au
M
< >
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Catalytic Activity: Metal dependence
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CO. N, Molecular Orbital
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Interaction between MO and d—orbitals

® Second order perturbation
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CO adsorption energy
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DFT-GGA chemisorption energy, E
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Molecular adsorption energy
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Adsorption energy VS d-band center

If V is fixed and g, is varied
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CO dissociation process

CO/Ni(111)
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CO dissociation process
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Adsorption Energy and d-band
center
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(a)

- Flat surface

Universality in Heterogeneous Catalysis
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Hydrogen Evolution Reaction
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Hydrogen Evolution Reaction
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Hydrogen Evolution Reaction
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Oxygen Reduction Reaction
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Oxygen Reduction Reaction
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Oxygen Reduction Reaction
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