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3E-trilemma

" Kconomy
" Energy
* Environment
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Solving the trilemma
using Quantum Simulations.
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Important roles of Interfaces

Nano-scale Interface Determines the performances of
Devices
| Fuel Cells

\ Organic Devices
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Quantum Simulations can clarify important factors
determining the efficiency of reactions
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Organic/Metal Interfaces i
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Heterogeneous Catalyst & Surface Reactions

.- ¥
CO, hydrogenatlon on Cu surfaces I _
Fahdzi Muttagien, et al., J. Chem. Phys. (2014), Oxidation of Diamond (100)

J. Chem. Phys. (2017) , Chem. Comm. (2017), J.I. Erinquez et al., Carbon (2021).

Nature Chem. (2019).

LanOa,y |ayer Pd nanoparticles

LaFe, Pd, 0,

Oxidized state Reduced state
Suppression of Pd Sintering
|. Hamada et al., 3. Am. Chem. Soc., (2011).

NO dissociation by H,O
Thanh Ngoc Pham et al.,JPhysChemC.(2018).
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Bui Van Pho et al.,Appl. Phys. Lett., (2015) H,0 dissociation on MgOJ/Ag,
J.J.Appl.Phys (2018). H.-J. Shin et al., Nature Materials (2010).
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Chemlcal Reactlons at Water/Solld Interfaces
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Hydrogen Evolution Reaction
M. Otani et al., J. Phys. Soc. Jpn (2008).
PCCP (2008), JPCC (2008).
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C-H Bond Length 1.22 A C-H Bond Length 1.37 A C-H Bond Length 1.53 A

Methanol Oxidation on Pt Electrode

W Herron et al., PNAS USA (2016).

Ligand-free Suzuki Cross-couplin
T. Hirakawa et al., J. Chem. Phys. B (2017)

T. Hirakawa et al., J. Chem. Phys. C (2017)

Water Dimer / Cu(110)
T. Kumagai et al.,
Phys. Rev. Lett., (2008),
Phvs. Rev. B (2009).
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Catalysis

A catalyst accelerates chemical reactions by
reducing the activation barriers but does not itself
change before or after the chemical reactions.

A + B = AB

A

Without catalyst

Energy

With catalyst

QD XA =
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Ammonia synthesis

Fritz Haber Carl Bosch
" Haber-B " 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,O,(Fe;0,*Al,0,-K,0)

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

- 80% Fertilizer, plastics, fibers, explosives
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Suzuki-Miyaura cross coupling

[~ —————

Al
R1-R? Pd(0) R1-X
reductive oxidative
elimination addition
R-Pd(1l)-R? RL-Pd(I1)-X
i .. transmetalation displacement
Important In synthesmng ><
molecules for liquid crystal M-X M-R?
display, organic electro- RIR? = &L aY

luminescent devices, and drugs. X=/nA7Ty

QD XA =
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Three-way catalyst for Automobil Exhaust Gas

® Convert the following three emission gases.
CO + 0,2 CO,
NO + CO = CO, + N,
HC + O,-> CO, + H),0O
® =it (Three-Way Catalyst)
® pt-Rh(10:1), Pt-Pd-Rh, Pd-Rh, Pd etc.
* RhIFEIRRMIZELLY,
® Pt: South Africa 74%, Russia 14%
® Pd: South Africa 25%, Russia 70%
® Rh: South Africa 67%, Russia 17%

QD KRS =
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Fuel Cell

Polymer Electrolyte Membrane Fuel Cell

e
N
—HO
5 %
H+D2H* + 2¢] |2 3| | %2 0,+2H* + 2e>H,0
Pt-Ru > Pt+Fe, Co, Ni
Hz: P OZ
CO poisoning Low activity
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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.
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MD simulation of electrode/water interface

e Total MD simulation time: 3.2 ps
®* Added electrons: 0.25-0.40
353 K

Time Scale 1012 s.21s.
Spacial Scale 10°m =2 10m

Super High-Resolution Microscopy

A KRS
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COMFREIRRE : ERERIKFE
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G. Borden, T.N. Rhodin, C. Brukner, R. Benbow,
and Z. Hurysh, Surf. Sci. 59, 593 (1976).

QD XA =
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Energy (eV)
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FIG. 2. The band structure of a four-layer Ni slab that serves
as a model for a Ni(100) surface. The flat bands are derived
from Ni 3d, the more highly dispersed ones above these are

4s,4p.
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" Ni(001) fecc
" A=0.352 nm
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FIG. 3. The density of states (right) corresponding to the band

structure (left) of a square monolayer of CO’s, 3.52 A apart.

" CO

A=0.352 nm

QD XA =
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CO/Ni(001) c(2x2)
O 352nm CO/Ni

c{2x2) CO-Ni(I00) | CO monolayer O ( ) ( )
t . @ O

™ DOS—= DOS —= DOS— |
FIG. 4. The total density of states of a model ¢(2X2)CO-

Ni(100) system (center), compared to its isolated four-layer Ni
H
CO

Ni (100} slab

Energy (eV)

slab (left) and CO monolayer components.

" A=0.352 nm
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CO/Ni(001) c(2x2) Projected Density o
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FIG. 6. “Interaction diagrams” for 5o and 27* of ¢ (2 X 2)CO-Ni(100). The extreme left and right panels in each case show the con-
tributions of the appropriate orbitals (z? for 50, xz,yz for 27*) of a surface metal atom (left), and of the corresponding isolated CO
monolayer MO. The middle two panels then show the contributions of the same fragment MO’s to the DOS of the composite chem-
isorption system. '

QD XA =
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Where are the bonds?:

Mulliken Overlap Population
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Mulliken Overlap Population
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FIG. 9. The orbitals of N, (left) and a “solid-state way” to plot
the density of states and crystal orbital overlap population
curves for this molecule. The 1o, and 1o, orbltals are out of
the range of this figure.
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Crystal Orbital Orverlap Population:
Extension of Mulliken Population to Solid.
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FIG. 10. Crystal orbital overlap population for CO, on top,in a
c(2x2)CO-Ni(100) model. Representative orbital combina-
tions are drawn.
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(eV)

chem

DFT-GGA chemisorption energy, E

P KBRXF 5
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Universality in Heterogeneous Catalysis
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Hydrogen Evolution Reaction
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Nature Materials, 5, 909 (2006).
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Hydrogen Evolution Reaction

Stabilization free-energy {et)
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J. Greeley, T. F. Jaramillo, J. Bonde, I. Chorkendorff, and J.K. Norskov,

Nature Materials, 5, 909 (2006).
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Hydrogen Evolution Reaction

D—: Blank substrate

-1 T | Ftoontml sample after
T ] S 7 | multiple anneals
E - = -1 {Second anneal
=T _2__ : ]
E Z -1
., - =
R g - First anneal
% T % - = /
E . S -4
E_.q-__ .‘. —_————7—
= i - =070 =005 1 0.0% 0.70
= valtage (SHE]

Yoltage [(SHE)

J. Greeley, T. F. Jaramillo, J. Bonde, I. Chorkendorff, and J.K. Norskov,
Nature Materials, 5, 909 (2006).
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Oxygen Reduction Reaction
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J. Greeley, L.E.L. Stephens, A.S. Bondarenko, T.P. Johansson, H.A. Hansen, T. F. Jaramillo, J.
ssmeisl, |. Chorkendorff, and J.K. Norskov, Nature Chemistry, 1, 552 (2009).
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Oxygen Reduction Reaction

Fi6 FERMY

Pt Mb & Pt

I Pd.Mb g Pd, I'IF't ™
F‘tFe

Pt.Tid
0.4 — P, Ti
= FI':IEEI-' Pt I'-.||.F"I:3I:|:|1Pt I:rpd ':I“l
F‘tglnlI i SN

0.2 — pe,
u F'-:I MM
e P, Cd ! .

PLY
Pt
: — Pt

-0.2 — il

I I I I
-1.2 -1.0 -0, 8 -0.& -0.4 -2 (.0 0.2

J. Greeley, L.E.L. Stephens, A.S. Bondarenko, T.P. Johansson, H.A. Hansen, T. F. Jaramillo, J.

ssmeisl, l. Chorkendorff, and J.K. Norskov, Nature Chemistry, 1, 552 (2009)



e ANF/7n5540

Oxygen Reduction Reaction

Fi6 FERMY
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J. Greeley, L.E.L. Stephens, A.S. Bondarenko, T.P. Johansson, H.A. Hansen, T. F. Jaramillo, J.
=amssmeisl, |. Chorkendorff, and J.K. Norskov, Nature Chemistry, 1, 552 (2009).
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Outline

1. Introduction

2. The Elucidation of Cu-Zn Surface Alloying on
Cu(997) by Machine-Learning Molecular

Dynamics
H.H. Halim and Y. M, ACS Phys. Chem. Au, 5, 430-447 (2022).

3. Machine Learning Molecular Dynamics
Simulation of CO-driven Formation of Cu

Clusters on Cu(111)
H.H. Halim, R. Ueda and YM, J. Phys. Condensed Matter,

Special Issue from the Speakers of Surface Science Discussions
2022 and 2023, 35, 495001 (18pp) (2023).
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Methanol Synthesis
CO2 + 3H225ocg,ngMPaCH3C)H + H20

@ Hydrogenation of CO, to Formate
Slow reaction
Eley-Rideal mechanism?*?

O H
O
@ O

1.H. Nakano et al., J. Phys. Chem. B 105, 1355 (2001).
2.G. Wang, Y. Morikawa, J. Nakamura J. Phys. Chem. B 110, 9 (2006).
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Importance of Bending Mode

|
e Min. energy pathway - Region | : vdW attractive
=-u Stability profile of
isolated CO,
- — - €O, (g) + H* ~
o
> 8
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09 e .
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o
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Reaction coordinate / A
F. Muttagien, YM et al., Chem. Comm., 53, 9222(2017)

— J. Quan, YM, J. Nakamura et al., Nature Chem., 11, 722-729 (2019).
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Importance of Bending Mode
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F. Muttagien, YM et al., Chem. Comm., 53, 9222(2017)

— J. Quan, YM, J. Nakamura et al., Nature Chem., 11, 722-729 (2019).
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1.0

Energy/eV
© © © © ©
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o
)

5.0

4.0

3.0

20

1.0

-
oo
==

-
(=1
=]

140
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o Min. energy pathway -
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— - CO, (g) + H*

A4 C-02 v+ H-Cu
=8 C-H »» 02-Cu_|

1 3

Reaction coordinate / A

+/70455.4

Importance of Bending Mode

Region | : vdW attractive

Region Ill : Bending mode
induced reaction

F. Muttagien, YM et al., Chem. Comm., 53, 9222(2017).
J. Quan, YM, J. Nakamura et al., Nature Chem., 11, 722-729 (2019).
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CO, hydrogenation on Cu(111)

H

O
O
®@ O

Exp. Activation Barrier = 0.59 £0.05 eV
Reaction rate is slow:
=>» Insufficient excitation of O-C-O bending mode

vEXcite CO2 bending mode
& Enhance formate synthesis

A KRS
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Dynamical simulations are necessary to clarify the dependence
of the reaction probability on ’Iche |In|t|al conditions of gas-phase
molecules

O-C-O bending mode excitation promotes

F. Muttagien, YM et al., Chem. Comm., 53, 9222(2017).
P KR J. Quan, YM, J. Nakamura et al., Nature Chem., 11, 722-729 (2019).



H6 FEEY #HEANF/TATSA
Promotional effect of Cu-Zn alloy
Fujitani, T., et al., Surface Science. 1997, 121,122, 583-586.

3.0

—— Formation process of Cu-Zn surface

Lt
n

Sano, et.al. J. Phys. Chem. B, (2002),106, 31,7627-7633

20F

15}

1.0+

0.5 F

TOFCH;0H (10%moleculeses tesite ]

0.0

0 01 02 03 04 05 06 0.7
©zZn

Annealing clean Cu-Zn alloy at 523 K |leads to

CuZn increases TOF by formation of Zns“b/Cu(111)

13-fold at ®,,,=0.19
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What are the shape of the active sites ?

A Cul11l)  Zn™/Cu(111) [ Zn®/Cu(l11)
E[CO0A ~0.50 —0.43 —0.95

£ +0.80 +0.88 +0.38
EC% 10,06 +0.10 —0.28

Cu-Zn stacking faults as active site
Zn adatoms can promote the

reaction for methanol synthesis ) e

[ Cu2ll Ji
251 CuZn211

»
. &

O
’%ﬁ*ﬁﬁ.”””

"l T |
-

7
\

»
.
>
>
>
.

SCOR,+Hz0,
e

H2COOH*|_ |
HeCO* + OH*
oH*l_

Y

HCOOH + H*

o
(9]
1
HCcoOo*!
N\
HCOO* + H
H3CO*
HsCO

T
[}
R
T

YM’ et al-’ . Chem. PhyS. Lett-’ 304’ 91 (1999) [ Methanol synthesis is promoted by J
Appl. Surf. Sci., 169-170 11 (2001)

Zn atoms located at surface defects.

Behrens et al., Science, 336, 893-897 (2012).

In situ observations are important.




How to elucidate the non-equilibrium states ?

- Experimental Approach N\ Computational Approach N

» Scanning Tunneling Microscope (STM) » Single-scale simulations

Control voltages for piezotube

100 B

Finite
10° = P>  Element

Tunneling Distance control
current amplifier and scanning unit

Piezoelectric tube
with electrodes

10-6 e

Length scale (m)

10—9 e

Data processing
and display

10712 =
https://en.wikipedia.org/wiki/Scanning_tunneling_microscope | I I I | | |
1015 1012 10° 10 103 100 100

Experiment has difficulty to capture Time scale (s)

atomistic events There is a trade-off between scale and accuracy
\ J y,

r Multi-scale Simulation ~

DFT Calculation Molecular simulation

Machine learning force-field Molecular Dynamics

v Accurate for general chemical species v’ Feasible for large system and long time scale
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2. The Elucidation of Cu-Zn Surface Alloying on
Cu(997) by Machine-Learning Molecular

Dynamics
H.H. Halim and Y. M, ACS Phys. Chem. Au, 5, 430-447 (2022).
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The Elucidation of Cu-Zn Surface Alloying on
Cu(997) by Machine-Learning Molecular Dynamics

Harry H. Ha

Grac

Im (D3), Yoshitada Morikawa

uate School of Engineering
Osaka University
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| ¢ . A by L7 0 " \/

Harry H. Halim and Y. Morikawa, ACS Phys. Chem. Au, 5, 430-447 (2022).
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Methodology

€
STATE

Simulation Tool for Afom TEchnology

Provide training database:

@omic structures & forcey
/r" python’ '\

Perform analysis

VvV Surface evolution

vV Alloying mechanism

{ Statistics of alloying /

DFT

Density Functional
Theory

Elucidator

[STATE] Morikawa. Y., et.al, Appl. Sur. Sci 169-170, 11 (2001).

[FLARE] Vandermause. J., et.al, npj Comput Mater 6, 20 (2020).

[LAMMPS] Plimpton, S., J Comp Phys 117, 1-19 (1995).

/github.com/hhlim12 (under development)

ML

Machine Learning

MD

Molecular
Dynamics

IiT:)

V Perform Gaussian Process

VKBuiId ML force-field /

vV Perform dynamic
simulation

vV Obtain non-equilibrium

Kstates /




Gaussian Process Force Field
Vandermause. J., et.al, npj Comput Mater 6, 20 (2020).

Simplifying assumption:

E; (i.e., local energy of atom i) only depends
on small clusters in local environment (p;).

4 2-body cluster

i

I ri3 :

max body
E; = z z €81,i1,mmin—1(Aiig,.in_1)
n=2 iEpgn)

Sii,.. i, atomicelements in the cluster
d;; . _,:atomicdistances in the cluster

QD KRAE =

FLARE €3

/

Local energy kernel

max body
E E Siiq,in—1PnSjj1,mjn_q T

k(pi pj) = z
n=2 iEp(n) P,

i

jep{™

\_
s

2 and 3 body kernels

/
\

(Fii o )2
k2(rl,ll ? rj,.]l) = 0.,52';2 eXp(_ lZf% : )fCllt
(IR T [y
k3 (di,i1,i2 ’ dj,j1,j2) = 0-3,3 exp(— 22f2 = )fcut
\ 3 %
4 VY4 o I
Force kernel Force prediction
0%k(p;, i _T 1 —
ka,ﬁ(pi'pj) — ar_(palr,pj) fioc — kia (K + O-T%I) 1y
Lav!j,B
\ VAN %
4 . . )
Uncertainty of force prediction
T 1=
2 _ 2
O'ia — ka,a(piapi) _ km(K+ O'nI) kia~
\_ J




Active and On-the-fly Learning HHH[

Vandermause. J., et.al, npj Comput Mater 6, 20 (2020).

Initial structure : GP force-field
Do DFT calculation Data: {(p;, F; )}
[ “parent structure” I | I | ' o = Kig(K+a’D™t
. D § l
Calculate GP force and uncertainty Updated structure MD simulation
fi =k (K+a2D 1t

0l = kaa(pi, pi) — Kig (K + 0?D7'K; 1
la , ) a la
- J

!

Yes )
[ Is GP uncertainty < threshold ? Keep GP force
(use old force-field) J
4 )

(

Parent structure After MD Update GP force-field &
0 { Discard GP force ] Train hyperparameters
%
Adatom (TS
(T5) [ Do DFT calculatm—[ Data : {(p;, F; )} ]
High
Uncertainty Only data with high uncertainty are included
_.[ Database ] Remarks of the on-the-fly learning:

 The data is still affected by parent structure
* |tis a serial process, bottle-necked by DFT

Adatom (FS

)
L N




Database & Validation of Force-field

4 )
+** The database is built using active and on the fly learning.

** Important surfaces features are included in the database.
- _/

e FiEE

STAT

Simulation Tool for Atom TEchnology

List of Surface Features
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[ Final database : 326 atomic envs.




Validation of force-field

Cu activation energies  Zn activation energies Force components
5 ”
BN DFT mmm GP‘ BN DFT mmm GP‘ 4]+ GP(MAE =89 meV/A) /,;’
MAE : 70 meV } [MAE:SS meV J < '
>
S o -
> >
LLl L
> >
© @© -5 T T T T T T T T T
£ = -5 -4 -3 -2 -1 0 1 2 3 4 5
GE) g DFT force components (eV/A)
[ O
I I s ™
Test set to validate forces consists
of 357 highest uncertainty envs.
during 2 us MD simulation.
\Jurne < ¢ Y
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Activation energy (eV) Activation energy (eV)

The test set to validate activation energy consists of
94 elementary events involving Cu and Zn atoms.




MD Preparations

Definitions used in surface model (Cu(997) -

Side View

[_2_0 rows X 20 columns = 400 atoms / J

laver
J

Terrace

Step edge

shutterstock.com + 762494878

O Cu @ zn@d @ znisu)

Zn alloy)

Top View
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Results and Discussion
Evolution of Zn Atoms on Cu(997) at 700 K

MLMD Observation on Formation of Cu-Zn Surface

Zn adatom ] CN <9

[ Zn substituted ] CN =9
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STM Observation on Formation of Cu-Zn Surface

Sano, et.al. J. Phys. Chem. B, (2002),106, 31,7627-7633

4 )

The MLMD and STM show Zn alloyed
from the step edge to middle terrace.

- J




Results and Discussion

Evolution of Zn Atoms on Cu(997) at 700K At =5 fs

Percentage (%)
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Initially most of the Zn attach

to the step edge
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Time (us)

A KRS
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Number of incorporated Zn atoms
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Zn mostly incorporate
region near step edge.

Percentage (%)

>
(@)
o
)
©
o
)
Q
(o
M
Q.
Q)
—t
3,
(oR
o
M
—t
M
)
)
Q
(@)
M

t =6.25us

o
o
1

W
o
1

N
o
1

10

0 1 2 3
Coordination number of Zn (Zn-Zn only)

No significant Zn-Zn
interaction in the alloy.



A. Dominant Alloying mechanisms at Upper Terrace

A.1 Confinement by other step adatoms (75 alloying events)

10 ns
>

Step edge fluctuation promotes
the alloying at upper terrace

A KRS



B. Dominant alloying mechanisms at Lower terrace

B.1 Step-assisted direct exchange (45 alloying events)

S S T
A AL

Energy barrier of direct exchange process

- ‘
59996 4%

b’ﬁ.ﬁ’ﬁ’ﬁ’ﬁ’Q‘ﬁf

oA AL

% %

Lhs SRRV
s,t’s’sﬁs"s‘s’v |
A A

Initial state Final state
Zn Cu n Cu
— —

Without Adatom on Terrace- Terrace- Adatom on
step edge terrace atom atom terrace

e —

With Adatom on Lower Lower Adatom at

step edge terrace terrace terrace step edge

Energy
barrier (eV)

Steps and kinks promote atom kick out process.




C. Dominant alloying mechanisms at Middle terrace

C.1. Wave deposition (18 alloying events)
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C. Classification of the alloying mechanisms (Middle terrace)

.2 Confinement by other step adatoms (15 alloying events)
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Summary and Conclusions of the first topic

g A
» The alloying process of Cu-Zn surface were investigated
line.learni - s PHYSICAL
by machine-learning molecular dynamics. Sldegn Y
b y,
g A

» The surface alloying is initiated at upper and lower
terraces near the step edge.

- J
» The rationalization of alloying behavior are
performed.
] ) ) H. H. Halim and Y. Morikawa.
Surface Region Dominant Mechanism ACS Phys. Chem Au, 2022, 2,
5, 430-447.
Upper Terrace Confinement of Zn step adatom
Lower Terrace Step-assisted Direct Exchange
Middle Terrace Deep confinement and Wave
deposition

4 I
» Step edge contributes to the surface alloying in all

surface region: upper terrace, lower terrace, and

middle terrace. y
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3. Machine Learning Molecular Dynamics
Simulation of CO-driven Formation of Cu

Clusters on Cu(111)

H.H. Halim, R. Ueda and YM, J. Phys. Condensed Matter,
Special Issue from the Speakers of Surface Science Discussions
2022 and 2023, 35, 495001 (18pp) (2023).

QD XA =



PH6 FERY HEAF/TOTSA

Machine Learning Molecular Dynamics Simulation
of CO-driven Formation of Cu Clusters on Cu(111)

Harry H. Halim (D3), Ryo Ueda, Yoshitada Morikawa

Graduate School of Engineering
Osaka University

Monomer Trimer Pentamer Hexamer Heptamer

H.H. Halim, R. Ueda and YM, J. Phys. Condensed Matter, Special Issue
from the Speakers of Surface Science Discussions 2022 and 2023, 35, 495001 (2023).



Introduction

The role of CO in methanol synthesis

Synthetic Gas Cu/Zn0O/Al,O,

————  [\lethano| + Water
(CO/CO, /M) ™ 5000c - 300°C

/ Low conversion High conversion \

CO inhibiting CO removes H,0
Slow | Fast Slow

CH;OH g, 2 CH,0H &b CH,OH

\ Nielsen, N., et al., Journal of Catalysis 393 (2021) 324-334 /

¢* CO becomes inhibitor during low conversion of methanol synthesis
** CO becomes promoter during high conversion of methanol synthesis

“CERA=2 =



Origin of the promotion effect of CO

CO-induced formation of Cu clusters on Cu surfaces
Eren, B. et al., Science, 351 (2016), 475-478.

CO Pressure

[*1* Cu stepped surface decomposes into clusters when exposed to CO]

4 )

** Cu clusters are active for water dissociation in RWGS reaction

. J

~N

¢ CO might affect the catalysis by transforming the Cu surface.

P AR /




Methodology

¢ CO and Cu dynamics are indispensable in the description of catalysis
** MLMD can be used to capture the accurate dynamics efficiently

~

N
O:;; NTUMESPRESSO

Provide training database:
aktomic structures & forcy

‘@ suthon B
& python
P H Elucidator

Perform analysis Molecular

TS

D FT M I_ vV Perform Gaussian

Process Regression

&Train database /

Density Functional Machine Learning

vV Perform dynamic

: Dynamics . :
V Surface evolution simulation

V Clusters’ statistics

V  Obtain non-equilibrium

Q Clustering mechanism/ Kstates /

[QE] P. Giannozzi., et.al, J. Phys. Condens. Matter 21 39550 (2009). [FLARE] Vandermause. J., et.al, npj Comput Mater 6, 20 (2020).
P N [ e JIDEll: s, et al., J. Phys.: Condens. Matter Vol. 29 273002, 2017 [LAMMPS] Plimpton, S., J Comp Phys, 117, 1-19 (1995).




Methodology

Generate the database

{*1’ Training is done by active and on-the-fly learning ]

List of surface features
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+*»* Final dataset consists of 3,000 local environments ]




Methodology

Validation of ML model (MAE and uncertainty)

HaN

Cu (MAE: 38.4 meV/A) |

N

=
N

[y
o

N
Environments (thousands)

MGP force components (eV/A)
A o

o N =y (=2 oo

MGP force components (eV/A)
o

0.00 0.01 0'025t%'.03ev0i2€//,&?'05 0.06 0.07
-4 -2 0 2 4
DFT force components (eV/A)
* [ C (MAE: 75.6 meV/A) |
ém
= LIEJOiOo.Do 0.02 0.04 006  0.08
Std. Dev (eV/A)
—4 -2 0 2 4

MGP force components (eV/A)

* [0 (MAE: 58.7 meV/A) |
2

:
.

—4 —2 0 2 4
DFT force components (eV/A)

Validation set contains 144 structures
(snapshots) sampled from MD trajectories

MAE (in force predictions) for each elements

is below < 100 meV/A

Uncertainty (in terms of std. deviation) for
each element is < 88 meV/A

DFT force components (eV/A)

QD ARRASE =




Methodology
Validation of ML model (desorption energy)

{The rate of desorption can be measured from MLMD, from which desorption energy is obtained. ]

25.0

22.97%

= N
N O
o [

Ln (rate)

12.5 7
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5.0

Arrhenius plot of log desorption rate

1E s on Cu(211): 65 meV  °

® Desorption on Cu(111)
AN A Desorption on Cu(211)
B Desorption on Cu(221)
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! s* MLMD can well reproduce the desorption rate of CO on Cu surfaces J

QD XERASE =

4 Arrhenius equation A
In(rate) =lnv — des
RT
\_ )
Desorption Energy
Surface (eV)
Exp.1 MLMD
Cu(111) 0.49 0.45
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Methodology

Initial structures in MD simulation

Cu-island is deposited on Cu(111) (2341 atoms / unit cell)

Cu island

Top view Side view

CO (@ = 0.5) and Cu-island is deposited on Cu(111) (3485 atoms / unit cell)

Fr—— op view Side view




Results and discussion
Evolution of surface without CO (T = 550 K)

Without CO exposure, no cluster formation is observed event at 550 K




Results and discussion
Evolution of surface with CO (T = 550 K)

With CO exposure, nanoclusters is formed within tens of ns.

A KRS



Results and Discussion
Evolution of Cu Surface at different temperatures

Cu only (550 K) Cu + CO (350 K)

D W

Bl No cluster is found

Cu + CO (550 K)
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Number of clusters on Cu(111) without CO at T=550K
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m/[ Only monomers are observed. }
% o 40 60 80 100
Time (ns)
Number of clusters on CO-exposed Cu(111) at T=550K
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m Clusters varying from dimer to heptamer are observed. J

#HEAF/TnTSA
The shapes of Cu-CO clusters

Hexamer Heptamer

Cu-CO monomers dominate the surface.
The number of clusters reduces with the size.




Lifetime of the clusters

Number of clusters

Number of clusters
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Lifetime of the clusters

Lifetime of the clusters on CO-exposed Cu(111) surface at T=550 K
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Raising the temperature to 550 K results in the shortening of the lifetime




Results and discussion

How are the clusters formed ?

A. Indirect formation of cluster

]
&
o
c
@)
S

0.007 ns

pentamer

tetramer

|

Clusters are formed by coalescence of smaller clusters, initiated by monomer.




Results and discussion
How are the clusters formed ?

B. Direct formation of cluster

[ protrusion ]

[Clusters are formed directly by splitting from the island. ]

A KRS




Results and discussion
Statistics of clusters’ formation and decomposition
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The indirect mechanisms are dominating. }



Results and discussion
Statistics of clusters’ formation and decomposition
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Results and discussion
How does CO influence monomer detachment ?

Detachment / Attachment barriers at Cu(221)

0.8

0.72 Bl Detachment
0.7 Bl Attachment
0.6

Y Y Y Y Y Y Y Y Y Y Y

ﬁ§§§?----$‘55
1

NN Y Y Y Y

]

:a—o:::oa::afn

N IYYYYY Y Y

Y " YYYYY Y Y Y Y YT

% %% %% 9% %% % %%

Y Y Y Y Y Y Y Y Y Y Y
. Xg ﬁﬁ?--f--i-#-ﬁ' “ %
1

PN NN Y
1
LN N N Y R VR N NN N N

sresthresdr e

- G ettt Sttt s e s

8908085088008

A KRS

L . . L L . . L L L . .
“ L TR “»
. i "fb
Y AR
L L . l:l . L li' . . .

1
e _ S sng 406
-~ %

1 CO / unit cell

N
CO adsorptions reduces the barrier of detachment

and raises the barrier of attachment.

J

. . . L L 0 . . . . . .
9 .008 599 .99
Y Y'Y oYYV oY

lll':‘!l'lll'l

5 ootk _sssd o8
2 I3 J o'y

Y Y Y Y Y Y Y Y Y 7YY

. L L3 . . . . . . . . .
A sanNr N
I
1

NN

] H ]

L £l . . I' L . L :‘ L L . '3 . . . I' . . . ir . . .
"ala I =Y Y alal . YR Y Y Y YUY
' \ - NANY . VY'Y Y

G 6 4 4 4 & &4 & &4 4 4 4 P Y Y Y Y Y Y

ete' [t et a' ) Jelo'

Y Y S Y Y Y S I SN SN S
Sl Bl ot X
1

I

P Y Y YT YTy
1 1
Y Y YT Y Y Y

Y Y LY Y Y Y Y XL

'Y JF T T T I T YT 1Y

@A B lala blala B

4 CO / unit cell



Conclusion

The cluster formation induced by CO adsorptions has been investigated by MLMD.

Exposure of Cu surface to CO results in formation of clusters with different sizes,
varying from dimer to heptamer.

Raising the temperature increases the occurrence of the clusters but at the same
time reduces their lifetime.

Clusters can be formed by direct and indirect mechanisms, of which the indirect
mechanism dominates.

CO drives the formation of clusters by reducing the barrier of adatom detachment
and raising the barrier of re-attachment.

H.H. Halim, R. Ueda and Y. Morikawa, J. Phys. Condensed Matter, Special Issue from the
Surface Science Discussions 2022and 2023, 35, 495001 (18pp) (2023).
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Theoretical Study on
the Dry Reforming of Methane
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é Background of Study:
== Global warming and the importance of CO, reforming of CH,

Around 72% of the totally emitted Particularly, in southeast Asian countries, the emission of
e D CE  biogas (CH, and CO,) from palm oil industry (palm oil
o mill effluent, POME) is a serious problem.
| ‘@ «® * Malaysia currently accounts for 28% of world palm oil

Y \ production and 33% of world palm oil exports.
» Research on CO, and CH, activation become
Importance to recycle biogas into renewable energy.

Due to human activities and higher
demand of energy, the emission of
greenhouse gases (CH, and CO,) Is
Increasing exponentially, leading towards
global warming and climate changes.

POME Open treatment
system A

QD XRASE =
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# Background of Study:
a=— Global warming and the importance of CO, reforming of CH,

Problem:
CH + CO = 2C0O(g) + 2H .. -
+(8) 2(8) (8) 2(8) Ni is most well studied metal

* In industry, syngas is widely used as intermediate catalyst for DRM

chemicals to produce higher quality hydrocarbon - :
fuel via Fischer-Tropsch synthesis. Carbon deposition and coking

+ Syngas can be purified to produce pure H, which ~ deactivate metal Catalyst.

is widely used for fuel cell application. e Co I1s more tolerant of carbon
deposition compared with Ni
Fischer-Tropsch synthesis
P s : catalyst

e
/“%\éf'\m%

Dry reforming
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Co particle size dependence

Co-to-Al mol ratio

80 -
370
2 60 Co-10%
850 Mean= 11.5nm
e —Co0-10 —Co0-15 —Co0-20 —C0-30 - Co-15(24h)
£20
2 18 4 0000 100 “‘"‘k .............................................................
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Particle size / nm 95 _
020 ] _1E0 Carbon Carbon
2401 CO 15 A) NN 90 1 Catalysts  deposition depositionrate ~ \ %
530 1 Mean= 15.2nm = g5 - (WL%) (Ma-gu-th) | —
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5101 © 80 1 [ Co-15* 1.28 2.11
O e 16 2 2w 4 = Co-20% 6.73 11.95
Particle size / nm 75 1 l Co-30* 30.32 72.21
50 - | Co-15(24h) 13.51 13.02
§4o ] CO‘3O% 70 *6 h of reaction time
5 Mean= 25.3nm
gSO 65 T T T T T T |
g0 100 200 300 400 500 600 700 80C
1 e - Temperature / °C
0 =

0 8 16 24 32 40 48
Particle size / nm

As catalysts particle size increases, carbon deposition increases

1.Y. J. Wong, M. K. Koh, N. F. Khairudin, S. Ichikawa, Y. Morikawa, and A. R. Mohamed, ChemCatChem., 11, 5593-5605, (2019).
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£

Dependence of reactivity on the particle size

CH,(g) + CO,(g) = 2CO(g) + 2H;(g)

Fractions of surface facets
Elementary steps:

depends on the particle size. CH,(g) + * = CHY + H”
CH; + <= CH,+H*
CH; *= CH" + H*
CH" ++=C" +H”
CO,(g) + * = CO*
CO5 +x = CO" +
o +: CO*

arbon deposition process:
C"+C =2C)++
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.

Aim and Objectives of Study

-
Aim:
Understand the carbon deposition on Co surfaces during DRM and

compare the results with that on Ni.
Objectives:

* Investigated the dependence of chemical reaction of CO, and C*
on the structure of Co surfaces

* Clarify the origin for the higher tolerance of Co compared to Ni
agalnst carbon deposition.
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§ Methodology

-

Total energy calculations:

Code . STATEU!

Theory Level: DFT!

Basis . Plane Wave

Cutoff . 25 Ry (wave fun ,

400 Ry (charge density)
XC Functional : GGAPBEL]
vdW Correction; DFT-D2[4]

K-Point Sampling : Monkhorst Pack Schemel®!
Reaction Path Search: CINEB Method!®]
Spin-polarized
[LISTATE Code: https://state-tutorial.readthedocs.io/en/latest/
21 Kohn and Sham (1965) Physical Review 140(4A):A1133-8
[3] Perdew et al. (1996) Physical Review Letters 77(18) 3865-8
[4] Grimme (2004) Journal of Computational Chemistry 26 1463
[>] Monkhorst and Pack (1976) Physical Review B 13(12) 5188-92
6] Henkelman et al. (2000) Journal of Chemical Physics 113 9901
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&
£ Overall reaction
[

» The overall energy diagram on all the
Investigated Co surfaces:
» CO, activation (green region)
» O* and C* diffusion (blue region),
» CO* formation and C-C coupling (red
region)

1.Carbon graphitization is dominant on
(111) and possibly on (110).

2.Carbon graphitization is not
favorable on (100), (211), and (221).

UNIVERSITI SANS MALAYSIA K PRK
OSAKA UNIVERSITY

QD XRASE =

e ANF/7n5540

Energy (eV)

& CO,* dissociation

0.18¢V
~o o ‘\\

CO*+2C

CC* formation

Surface diffusion CO* formation

CO:* Gk C
(110)

0.26eV

\ 27
e

0:%2C

(100)

_2.03eV
O\ . CCHCO*0*
4 o—

«—2.03eV
2C0%LC*

0.43eV
\ . N

CO*2C*

(211)

~ \4—1 .76eV

“‘ * * *
CC*+CO*+0
2COXECH

0.44eV

\ i
—

CO%F2C*

(221)

N\ CC*+CO*+0*
C—

2C0*+C*
R +-2C*




£716 FEEEH L #E ANF/7a55.4

§ Comparison between Co and Ni

1.80 |

1.60 - Compare the Co (111) results with Ni (111)
~ 140 | to establish the origin for the difference In
S 120 | the potential of carbon graphitization and
? 1.00 | removal between Co and Ni.
g 0.80 r b
goeor oL I 1.0n Ni (111), CO,* desorption is more
g 0 iy | preferred to CO,* dissociation
g 0201 2.0n Co (111), CO,* dissociation is
= P G preferred to CO2 desorption

Surface

0 CC formation 1 CC dissociation
m CO formation

A KRS
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.

Summary

-

1.Reduce the exposure of (111) surface in Co nanoparticles might be
effective to efficiently reduce the formation of graphitic carbon
during DRM

2.Higher tolerance of Co compared with Ni against carbon
deposition may come from the higher dissociation rate of CO, on
Co surface.
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Enhancement of GaN crystal growth
using Na flux method
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GaN important material for opt/electronic devices.

m
" GaN is promissing material for opt—electronic and power devices.

[ Light Emitting Diode } [ Power device }

Power Devices

Blue LED

BlueLD | LV

.  FIVICYF
(Laser Diode) B 0550

Reading/Writing off % ,
disks W Riy-oR

| . B
Nobel Prize for Physics was éﬁvvarﬁed to Professors

Akasaki, Amano, and Nakamura in 2014
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Problems in GaN crystal

Large (16%) lattice mismatch between sapphire substrate and GaN

= Dlslocatlon defects in grown GaN crystal

Ga hire . .
Dislocations
S o =Degradation of
GaN

Ideally : GaN bulk substrate is desired.

Na Flux Method is one of the most promising
techniques used to grow bulk GaN single crystals.
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Promissing Na flux method for bulk GaN growth

e eeeeeeeeeee—

€D OSAKA UNIVERSITY

|
| ja A ol

HNala

Figure 3. Photograph of the GaN crystal grown by Na flux LPE method
on HVPE-GaN seed crystals. Both sides of the crystal were polished to the
thickness of 750 p.m to remove the seed crystals.

Y. Mori et al., ECS J. Solid State Sci. Tech, 2, 3068 (2013).

GaN grown by Na flux LPE on HVPE-GaN seed crystal
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Na flux method
[]
-.-'__
Cf. High pressure

N is introduced into Ga—Na liquid alloy:.
ethod

Na flux
method

N, 15000 atm~

N,2Qatm~

It is necessary to apply 10000atm and 1500°C to dissolve N into pure Ga liquid.
But if Ga is mixed with Na, the required pressure and temperature are reduced
dramatically to 20atm and 800°C.
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.glomparison between Na-flux and pure Ga
[]

flux T[K] P[MPa] | N solubility
Pure Ga Ga >1800K 1500 107
Na flux GatNa | =1100K 1-5 1072

By alloying Ga with Na, the N solubility is dramatically
enhanced.
However, N, solubility is as low as 107 at.%

iy Pure Ga and Na liquids ddMB3idiksolve N,. Why does the
alloying of the two metals dramatically enhance the N,

. . . . solubility? L
First-principles simulation can clarify the microscopic origin of

the puzzling phenomenon.
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Puzzling phenomenon in Na flux method.

:.-'__

[ N, solubility into GaNa liquid alloys } [ GaN Crystal Growth }
.—3..5
S
B0 70
. 1073K, 5MPa
i%s 60 -
20 — 50
5 =
s° N
10 ; 30 B ——
05 S
. 20 L
00 10
pressure fatm] 0x¥ a%.—a’%%é’
00 01 02 03 04 05 06 07 08 09 10
Ga Na fraction [-] Na

* Na<50%: The N, solubility is quite low
e Na > 50%: It increases dramatically
e Na ~ 90%: It takes maximum value



Effect of a Carbon Additive

SuppreSSIOn Of pOchryStaIS[6] Alumina crucible Enhancement Of GrOWth Rate \
' , Seedcrystal
[6] F. Kawamura et al., J. N, Gas [7] M. Imade et al.,
Cryst. Growth 310 (2008) 111 Applied Physics Express
3946. Polycrystal 3 (2010) 075501.
: Polycrystals .’® ®®. 10
. Ga-Na melt
| B 5 — = 8 /| Polycrystals
Yield (%) [800°C.50atm MOCVD -GaN £ . B seed growth
w b7 :
Wl A 7 c 4
20 7 7 I
’ 0% @ 0% @ 1 at.% 2 at.% 3 at.% 0 10
’ ’ HSEs e e The amount of carbon addltwe mol%)
carbon additive
Addition of carbon into GaNa alloy dramatically suppresses the formation of

\_ poly-crystals and enhances GaN crystal growth. )

U

What is the interaction between N and C atoms in GaNa liquid alloys?

112



Simulation Methods and Conditions

v'Simulation Tool for Atom TEchnology
(STATE-Senri)
v'DFT-GGA (PBE96)
v'Ultra-soft pseudopotential
v'Plane wave basis set:
25 Ry for wave function,
128 atoms in a cubic box of

225 Ry for charge density 16.8x16.8% 16.8 [AY)
3D periodic b.c.

v'128 Atom Model
54 Atom Model
+ N (and C)
v' 10 ps first-principles MD
~ 10,000 MD steps for each trajectory

v" Blue Moon Ensemble method for free energy 54 atoms
12.6x12.6 X 12.6 [A3]

3D periodic b.c.

113
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" In Ga—rich: Ga-rich region and Na-rich region are separated.
N is located between Ga and Na regions.
" In Na—rich: Isolated Ga or small Ga clusters exist
N is bound to those atoms or small clusters.

Microscopic origin becomes clear.
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N dissolved in Ga—Na liquid alloys

:.-'__

Ga : Na4 : 1 liquid alloys Ga : Nal : 1liquid alloys Ga : Nal : 4liquid alloys

" In Ga—rich: Ga-rich region and Na-rich region are separated.
N is located between Ga and Na regions.
" In Na—rich: Isolated Ga or small Ga clusters exist
N is bound to those atoms or small clusters.

Microscopic origin becomes clear.

D XA =
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Calculated N, solubility into Ga—Na liquid alloys

:T-'__

Formation enthalpy of N, dissolution into GaNa solid alloys (128—180%[-F) are
calculated as follows ) N

Eform (N) =

reproduced.

S 25 0.0
> WE Formation Enthalpy - 4 cwssiaeid
) \ 3 i . *
@ o ¥ sowniityical) B 2
c L R ">\\
9 - : ' =
E _____________ 45

-]

2 8 Experimental
= (@)
° sl trend can be well
o
T
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Effect of a Carbon Additive

SuppreSSIOn Of pOchryStaIS [6] Alumina crucible Enhancement Of GrOWth Rat ¢ \
[6] F. Kawamura et al., N, Gas [7] M. Imade et al.,
J. Cryst. Growth 310 L1l Applied Physics Express
(2008) 3946. Polycrystal 3 (2010) 075501.
: Polycrystals .’® ®®. 10
. Ga-Na melt
| B 5 — = 8 /| Polycrystals
Yield (%) [800°C.50atm MOCVD -GaN £ . B seed growth
100 7 -
60 ;A ,/A s’
40 ,/é ;/A 5 2
20 /A ,/A Q) ﬁ
0 % ! % 1 ] ] 0
0% @ 0% @ 1 at.% 2 at.% 3 at.% 0 10
. The amount of carbon addltwe mol%)
carbon additive
Addition of Carbon into GaNa alloy dramatically suppresses the formation of

\_ poly-crystals and enhances the GaN crystal growth. )

U

What is the interaction between N and C atoms in GaNa
liquid alloys?

117

QD XRRASE =



First—principles MD : C and N in GaNa liquid alloys

128 atoms (Ga26, Na100, N1, C1) , 1073K
118



C—N formation in GaNa liquid alloys

C-N bond is formed. N-Ga bond is formed
No N-Ga Is formed

119



Surface Model

CN adsorbed at kink-site on the GaN (001) surface

Constraint on the C-N bond distance
1073 K, 10 ps First-principles MD.

Excess Ga atoms included

> Na melt
— CN
Cell size 4.7 x9.8 x 32 A3
59 atoms
c-axis Ga N
|;XIS crystal
a-axis

D KERAZ = 120



C—N bond length dependence

With excess Ga




Blue Moon Ensemble (BME) for Free Energy Evalulation

M. Sprik, JCP (‘98)
Free Energy Difference

cond
W (x,)-W(x%)=0" dx'<ﬂH>

% Ix/.
& Reaction Coordinate
W(&): Free Energy at &

_<_>Con: Conditional Ensemble Average

(Mean Force) o



Free Energy Profile for G—N Bond Dissociation

In Na flux w/o Ga In GaNa flux
4 4
3 Very strong 3
< 2 ) = 2
= 17 Enhance N sojubility 2
9 0 - ) g o
51 A 5!
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:;_3_. // 628 eV :;—3-_
g’n_4_. /% gJD—4—_
§757 }j}& 8757
O -6 (% S -6
=
8 LI ! | o ! I ' I ! | L I L | ! | L | ! I ! _8
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C-N distance [A] C-N distance [A]

Suppress poly-crystal formation

On GaN(001) with excess Ga _
On GaN(001) without excess Ga
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C-N VS N-N Bond Dissociation

N, dissociation C-N dissociation

4
4-
220 s N
= 46 eV 2 1]
s | /#ﬂ_i\ 3 0] /./-Qﬂﬁ-@
§ } E/E/E | e i/!
:\ 4" B84eV 221 } 6.28 eV
N Inpure Na 23
= -4 %_5_- I
S s s
o 15 2.0 2.5 3.0 3.5 el
4 - - e 101214 16 1.8 20 2.2 24 26 2.8 3.0 3.2 34 3.6
N C—N distance [A]
% epgeiiady 06 €V <
TR L A B
¢l Li2ev In Na+Ga ¢
5 Weak 5
6 1|0. .I I1I5l .I I2I0l .I I2i5. .l .3I0I .l .3I5
C—N distance [A] 1.0 1_2 1.4 1.6 1.8 2.0 2224 2.6 2.8 3.0 3.2 3.4 3.6
20
15 _
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C-N VS N-N Bond Dissociation

In Gas Phase
N-N: 9.8eV € Stronger
C-N: 7.7eV

Solvation Energy into Na-flux

N,: +1.0eV
Destabilized owing to Pauli repulsion
CN: -3.3eV

Stabilized by Formation of CN Anions

Na

C-N-

125



C additive in Na-flux

Form stable C-N

*C-N Bond Free Energy

In pure Na flux: 6.3 eV (Very strong) 3 — j
Enhance N solubility =» Efficient N carrier P =

In Na-Ga flux: 3.0 eV (Still strong)
On Ga(001) w/o excess Ga: 2.8 eV (Still strong)

©
- !
=>» Suppress poly-crystal formation W
o

On Ga(001) with excess Ga: 1.3 eV (Easy to dissociate)

= Enhance GaN crystal growth
J. Appl. Phys., 101, 066106 (2007).

J. Cryst. Growth, 303, 34 (2007).
Jpn. J. Appl. Phys., 52, 08JA04 (2013).
Physica status solidi, 252, 1084 (2015).
Appl. Phys. Express., 9 015601 (2016).'1L26
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