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CMD (computational Materials Design)

— | @ Kasai group began to develop the 1st
(it mincites clclation) generation of CMD about 20 years ago,
iy % Y inorder to beyond the conventional
Al first-principle calculations.

(conductance, magnetic
properties, reactivity , etc.)
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output _ ™ S \input
Materials Design

We had no direct algorithm to solve such a inverse problem.
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Computational-MaterialsiDesign"Engine

NnNracinlical IAIarc! 1

H. Kasai, et al.,, Computational Materials Design from Basics
to Actual Applications, Osaka University Press (2005).

@ CMD-Naniwa:
the first-principles Quantum
simulator for both electrons
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Simulation
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. i Verification of the virtual w
& nuclel in materlals material functions/properties 7 \ Analysis of calculated data
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Since 19984,

Drawingof ‘
Japanese Patent, 8t July 2011 tl::virt%TI &

materia _ = We can solve the
US patent, 4th Jan. 2012 y : : , inverse probIZm

(design ) by this

feedback loops.



Actual achievements of our R&D

Understanding about the conventional catalysts

hydrogen in materials
of noble metals.
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CMD-Naniwa
High-performance new catalysis design

New invention for Hydrogen
storage system
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Ex. NOx reduction catalyst ->designed new NO Moy o Sm— iy
dissociative adsorption surface o —

JP Patent No. 5002761, 15 other patents and JP Patent No. 4222932, 7 other patents and
more than 20 academic papers.. more than 20 academic papers.




Actual achievements of our R&D

Case3:FuelCell |

Understanding about the various elementary Development of the next generation non-

reactions in Fuel C.eII by CMD-Naniwa volatile RAM
* Analyze obstructive factor « ‘ CMD

4

Y

*Voltage pulses can induce the transition

How to reduce
disincentive between high- and low- resistivity states
metal electrode Set-pulse
*Finding the rate-controlling step transition
- design alternative reactions metal oxide
Higher-active catalysis‘ e lectrone ~
CMD'Naniwa o Reset pulse )
Ex. Disociative adsorption of oxygen molecule high-resistivity state  low-resistivity state
Pt surafce - New designed surface "clear-up the expression mechanism
= 05— of conduction channel
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Press release :Sep. 2011
JP Patent application No. 2006—-257970/355977, 3 others

Potential Energy (eV

Reaction path s

and more than 10 academic papers.

JP Patent No 3765050, 12 other patents and more than 30 academic




Our Big Data: CMD-driven Creation of
I IIﬂew technology and next generation industries
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Green Innovation

CMD: intelligent design and development
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Based on classical mechanics, it is calculated that
the operating temperature is higher than 1000°C for
conventional Pt catalyst and 500°C even for the
newly designed Pt(2ML)/Fe catalyst surface.

[e—
A _Helicopter
% rotation

Onantum simulation results

Ortho-para conversion yield {a.u.)

1. The dissociative adsorption reaction of oxygen
surface molecule on cathode catalyst surface is rate
limiting reaction.
2. Quantum tunneling effects Iower the operating
temperature (~ room temperatur

EF hRILFIRIC 'C§M’anf_ METID

Distance from the eatalyst surface 7 (Boke radii)

Launching & Naming Ceremony of Liquid

Hydrogen Tanker “SUISO FRONTIER”
1’1_ December 2019, Kobe, Japan

Designed surface: Pt-coating Fe (Co) surface
(Core-Shell) can enhance the dissociative

adsorption reaction of oxygen molecule
ar>x)uEE (B J/ULK) #

>PATENT NUMBER 7063376
(JAPAN 25 April 2022) PtCoMn(E3
£ - )OULL - XA R=EO
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Case Study Towards Sustainable Hydrogen Economy2
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Trends in the global History and projection of Vision for hydrogen
roduction of oil and ’ i production in a hydrogen

Annual oil output/ 10"t
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Annual natural gas output/ 10/

1900
1920
1940
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l Towards a Sustainable Hydrogen Economy l

Fuel cell unit
anode

other gas 8":;

Chemical 7
Process 8\

proton conducting membrane

other gas

Proton Exchange Membrane Fuel Cell (PEMFC)
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Nickel as Catalyst

-widely used for methane reforming but
active for carbon formation that
deactivates the catalyst

Hgoo\

°ooo £co

NICKEL CATALYST

One principal pathway to carbon formation is the
direct decomposition of methane.

-

University of the Philippines

Hydrogen gas can be produced from methane
using methods such as dry reforming, steam
reforming, and partial oxidation. One
important issue is the design of efficient and
stable catalysts for these reactions.

Literature-suggested way to address
carbon formation on Ni surface

® Additive —
:oﬁ%

Because C adsorbs strongly at the step
sites, carbon formation can be reduced

by blocking the step sites with additives

F. Besenbacher, et al,, Seience 279 (1398) 1913
H.5. Bengaard, etal., J. Catal. 209 (2002) 365.

However,
blocking the step
sites results in the

reduction of the
reforming rate!

ew Insight for Catalyst Design

Pure stepped
NI Slﬁ

Replace with
another element
Instead of blocking the step
sites, we propose replacing

one row of Ni with another
element to avoid the 5-
coordinated C-Ni binding.

Patent Registration No. 4§ 5% % 68320105 (2021)

AE (eV)

CH, o CH, o
Using this
—CH, new catalyst
—CHj+2H —CH, daion
method,
——CH;+H —CH»2H carbon
—C+4H formation
CHs LB can be
—CH+3H avoided!
—C+4H
T CH+3H|

J
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B 455556832010 B 5 B2 &LY,

Summary

+ The high stability of carban on stepped Ni surface is characterized by a unique 5
coordinated C-Ni bonding between atomic carbon at the fivefold site and Ni
atoms from bath the surface and subsurface layers.

«  We proposed replacing specific subsurface Ni atoms of stepped Ni surface with
another element, as new approach to catalyst design aimed at improving the
resistance of Ni surface ta coke formation in hydrocarbon refarming pracesses.

Reference:

R.L Arevalo, S.M. Aspera, M.C.S. Escafio, H. Nakanishi, H. Kasai,
Tuning methane decomposition on stepped Ni surface: Role of
subsurface atoms in catalyst design, Scientific Reports 7 (2017)
13963.



Towards Hydrogen-
based Society



Polymer Electrolyte Fuel
Cell (PEFC)

1. Low-temperature
operation

2. Favorable power-
to-weight ratio

3. Efficient chemical
to electrical energy

. ) conversion with low
Pt reactivity towards O2 in orisais
the cathode can be tuned.
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Cathodic reaction: 50.T2(H +e )—H0
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— ZEDOTIBBEIEADAE—H—

Hydrogen Fuel Cell should be considered
as the quantum mechanical device!

— giant step toward ultimate energy devices for avoiding their ecological footprint —



Polymer Electrolyte Fuel Cell (PEFC)

Ianode

proton
conducting
membrane H,0

I cathode I

PEFC transforms the chemical energy liberated during
the electrochemical reaction of hydrogen and oxygen
to electrical energy with only exhaust of water




anode

cathode

Jake] uoisnyip seb
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supporter
(graphite)

catalysis
(Pt particle)

fcc lattice

® 30~50nm



Result1:Anode reaction properties and CMD
I-._

> The dissociative adsorption reaction of
nydrogen molecule and diffusion of adsorbed
nydrogen atom on anode catalyst surface
broceed by the quantum tunnel effect even at
room temperature.




Hydrogen Reactions on Fuel cell anode

Fuel cell unit
anode

proton conducting membrane

cathode

Polymer Electrolyte Fuel Cell (PEFC)



Atomic scale description

| @ Dissociative adsorption of
\ViA hydrogen molecules on the Pt
| / surface: reaction dynamics
|

@ Dynamics of hydrogen atom
diffusion on the Pt surface

6 @ Dynamics of proton liberation
from the Pt surface




[1] Dissociative adsorption of H,
molecule on the electrode surface

[2] Adsorption/migration of H atom on
the electrode surface

[3] H* transmission from the electrode
to the proton conducting membrane




Dissociative adsorption of
hydrogen molecule on anode
catalyst surface



@ Dissociative adsorption of H, on
the electrode surface (Pt)




Dissociative adsorption of Hydrogen molecule

The Pt(111) surface and the orientations of H, relative to the surface during
dissociative adsorption.

fcc threefold hollow site (F) ‘

Pt surface

enter of mass) from the



Typical potential energy surface for the molecular dissociative

adsorption reaction

4

Potential energy : V(r,z)

ier

contour plot

|| S: reaction path




Dissociative adsorption of H, on Pt
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Dissociative adsorption of H, on Pt
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Quantum dynamics of dissociative adsorption of Hydrogen molecule
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Classical Activation barrier
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Some important reactions in the hydrogen fuel cell anode

@ Dissociative adsorption of H, on
v < Hz the electrode surface (Pt)

@ Adsorption/migration of H

(atoms) on the electrode surface

@ H* transmission from the
electrode to the proton conducting
membrane




Quantum Adsorbed state of hydrogen atom

- .._
fcc hollow site (F) hcp hollow site (H)

Quantum adsorbed states bridge site (B) top site (T)

D et
ot . A’ A‘ A. A\Q A

woje uaboipAH

Pt atom

Classical adsorbed state

Conventional
Our results results

2= [ FEAR




Wavefunctions of a hydrogen atom on Pt(111) surface

l-._

Ground state The first excited state

E,= -2.461eV E,-E, = 30 meV

Hydrogen diffusion can occur at typical fuel cell
operational temperature !
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Diffusion process
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Some important reactions in the hydrogen fuel cell anode

@ H* transmission from the
electrode to the proton conducting
membrane




@ Dynamics of proton liberation from the Pt surface
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Potential energy for proton motion
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Surface temperature dependence
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Proton conduction in the Proton Exchange Membrane

1.464 1.041
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Oxygen Reduction Reactions on Fuel Cell Cathode

Fuel cell unit
S Ce— anode

proton conducting membrane

cathode

Polymer Electrolyte Fuel Cell (PEFC)



Challenges in PEFC Development (5Kz8)

Major issues
1. Cathode reactions are

cathode

slow even on Pt
2. Pt is very precious metal

A
A
A

H,O



Challenges in PEFC Development (

Cathodic reaction:
Oxygen reduction reaction (ORR)
1/20, + 2H* + 2e- - 2H,0

0. —20 Easy dissociation is O, activation in this
2 =g
needed. respect (easy O2
0,+H +e —{0OH, dissociation but less
Less binding on catalyst binding of Oad on the
OH,+H +e —+H,O IS NEEDED for easy surface) is therefore
- subsequent reaction and not easy to attain.

desorption

General reaction pathway for bimetallic
systems

A. Udaykumar and M. Mavrikakis: Surf. Sci. 602 (2008) L89.



Tuning Reactivity using Non-magnetic layer (Pt) over Magnetic

Substrate (Fe)

non-magnetic

*Pt pseudomorphic overlayer on
3d transition metal (M). aand d
are lattice constant of M and Pt-M
interlayer distance, respectively.

*These bimetallic systems can
offer up to 90% reduction in Pt
loading.

*Comparable with Pt-based alloys
under electro-catalytic
measurements since Pt
segregation to surface forming

Pt “skin” over babse metal i

Toda, T.; Igarashi, H.; Watanabe, M. J. E/ectroana/ Chem.
generalhsobserved.

. Ruban, A. V.; Skriver, H. L.; Ngrskov, J. K. Phys. ReV. B.
magnetic 1998, 59, 15990.




Tuning Reactivity using Non-magnetic layer (Pt) over Magnetic

Substrate (Fe)

non-magnetic

*Pt pseudomorphic overlayer on
3d transition metal (M). aand d
are lattice constant of M and Pt-M
interlayer distance, respectively.

*These bimetallic systems can
offer up to 90% reduction in Pt
loading.

*Comparable with Pt-based alloys
under electro-catalytic
measurements since Pt
segregation to surface forming

Pt “skin” over babse metal i

Toda, T.; Igarashi, H.; Watanabe, M. J. E/ectroana/ Chem.
generalhsobserved.

. Ruban, A. V.; Skriver, H. L.; Ngrskov, J. K. Phys. ReV. B.
magnetic 1998, 59, 15990.




Atomic Structure of Pt/Fe(001)

ey Reference System: Pt(001) — (1 x1)

Pt-1

I Stable Pt PLil
A distance .-
g P- I

2.82A

Pt(001)-(1x1) structure viewed
along [010] direction

Pt on hollow site

Pt-Fe bond length is 2.50A , a significant contraction with respect to the Pt-Pt bond in first

>
interlayer of 4-layer fcc Pt (001) slab.



O, dissociative adsorption

O, trajectories

O, dissociative
adsorption favors bridge-
hollow-bridge (b-h-b)
configuration on both

systems (Pt and PtFe) —
direct dissociation
mechanism in
agreement with
experiment.

PE (eV)

Potential energy curves for O, dissociative
adsorption on Pt/Fe(001) and Pt(001)

| Eac on Pt =0.16eV
| on Pt/Fe: No %
| barrier! b-h-b
Pt
| Low Oad binding Pt(001)
. = Pt/Fe
Potential engrgies are reIatilve to gas ohaselz 0, and isolatel.d slab.
0.80 1.30 1.80 2.30 2.80 3.30

Reaction coordinate (A)

Adsorbed:
0-0 distance 2.80A
O-Pt distance 1.30 A

TS
0-0 distance 1.30A
O-Pt distance 2.80 A

Bradley, J. M.; Guo, X. C.; Hopkinson, A.; King, D. A. J. Chem. Phys.
1996, 104, 11. (exp)
MC Escano, H. Nakanishi, H. Kasai JPC 113 52 (2009)




_ Result 2 :Cathode catalyst and its new design

> The dissociative adsorption reaction of oxygen
molecule on cathode catalytic surface is rate
limiting reaction proceed by the quantum
tunnel effect even at room temperature.

> Designed surface: 2ML Pt coating Fe surface
can enhance the dissociative adsorption
reaction of oxygen molecule



Dissociative adsorption of oxygen molecule

- .._
Classical activation barrier
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adsorption on Pt/Pt/Fe(001) and Pt(001)
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Based on the classical mechanics theory, it is necessary that
operation temperature is higher than 1000°C for conventional
Pt catalysis and 500°C even for new designed Pt(2ML)/Fe
catalysis surface. Actual possible room temperature operation
Is due to the quantum tunneling effects.




CMD for cathode catalyst
. .._

conventional New design catalyst

Pt coated surface

/

i: § Pt particle g ; Pt coat
e-2

Carbon base e-4
Fe prtlcle

In this new designed catalysis surface, the Pt atoms
have magnetic spins, which are induced by the Fe
layers. Spin-polarized Pt has




Cathode Catalyst for Fuel Cell

Spin polarization effects on oxidation of Pt

" Oxygen

SPIN-CATALYSIS
PHENOMENA

- - Monolayer Bimetallic
'y 4 System (MBS)
Top layer:

0, activation on spin-polarized Pt

Magnatization (uB)
- B "

Magnetization curves and phase transition
for Pt (on Fe) and Pt (on Co).

\j"‘ C‘i | Non Spin-palarized? . Reaction profile of cxygen
spin-polarized? A on paramagnetic Pt

MECHANISM

Dr. Mary Clare Escaiio
PNU, BSPT 2000



Designing Non-Precious Metal
Catalysts for Oxygen Reduction
Reaction in the Direct Hydrazine

Fuel Cells

Dr. Adhitya Gandaryus Saputro
(Indonesia) 2014



Summary

@® The first principles quantum calculation (Hyper-
Naniwa) which can treat both the electrons and
nuclei by quantum mechanical manner.

@®Hydrogen Fuel Cell should be considered as the
guantum mechanical machine.

@® Computational Materials Design Method for fuel
cell (FC-CMD) is constructed

N

to contribute to the Hydrogen Fuel Cell technology



JOURNAL l;JF APPLIED THYSICS VOLUME 93, NUMBER 6 . 15 MARCH 2003

First principles s'tudies for the dissnciative adsorption of H, on graphene

Y. Miura
Depariment of Applied Physics, Osaka University, Suita, Osaka 565-0871, Japan
arred Japen Science and Technology, Kowaguchi, Saitama, 332-00142, Japan

H. Kasai,” W. Difio, and H. Nakanishi
Depariment of Applied Physics, Osaka University, Suita, Osaka 565-0871, Japan

T. Sugimoto
Tovota Moior Corporation, Toyota-cho, Aichi, 471-8572, Japan

(Received 9 September 2002; accepted 2 January 2003)

We investigate and discuss the interaction of H, with graphene based on density functional (DFT)
theory. We calculate the potential energy surfaces for the dissociative adsorption of H, on highly
symmetric sites on graphene. Our calculation results show that reconstructions of the carbon atoms
play an important role in the H, -graphene interactions. Activation barrier for H, dissociation on an
unrelaxed graphene is considerably high, ~4.3e¢V for a T-H-T geometry and ~4.7eV for a
T-B-T geometry. The T~H-T(T-B-T) geometry means that the center of mass position of H, is
at the hollow(bridge) site, and the two H atoms are directed towards the top sites on the graphene.,
On the other hand, when the carbon atoms are allowed to relax, the activation barrier decreases, and
becoming 3.3 ¢V for the T--H-T geometry and 3.9 eV for the T-B—T geometry. In this case, the
two carbon atoms near the hydrogen atoms move 0.33 A towards the gas phase for the T-H-T.
geometry and 0.26 A for the T-B~T geometry. © 2003 American Institute of Physics.

[DOI: 10.1063/1.1555701]



First Principles Studies on the Interaction of a Hydrogen Atom -
with a Single-Walled Carbon Nanotube |

Yoshio MIURA'™, Hideaki Kasar"*, Wilson Agerico DiNO!, Hiroshi NAKANIsHI! and Tsuyoshi SUGIMOTO?

' Department of Applied Physics, Csake University, Suita, Osaka 565-0871, Japan
*Japan Science and Technology Corporation, Kawaguchi, Saitama 332-0012, Japan
YToyota Motor Corporation, Teyota-cho, Aichi 471-8572, Japan

(Received Octeber 31, 2002; accepted for publication December 30, 2002)

We invesligate the interaction of a hydrogen atom with ax armehair-type, single-walled carbon nanotube, based on the density
functional theory (DFT), and discuss how changes in the nanotube’s diameter affect hydrogen adsorption on the carbon

. nanotube, We find that because the strong sp-like bonding and mr-bonding network are enhanced with increasing nanotube -
dimmeter, hydrogen adsorption on the carbon nanotube becomes fess stable with increasing nanotube diameter. We also find
that with increasing nanotube diameter, the polential energy curves appmach'that for hydrogen interacting with a graphene
sheet. These results can be explained in terms of the hydrogen-induced changes in the local density of states of the carbon
nanotube. [DOT: §0.1143/IJAP.42.4626] |

KEYWORDS: carﬁnn nanotube, hydragen, adsorption, first principles calculation, density functional theory
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Cyclic hydrocarbon dehydrogenation catalyst design

ane(CgH,,) © Benzene(

Cyclohexane

Hydro el consumption
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Cyclohexane (C;H,,) as a hydrogen storage material
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Cyclohexane dehydrogenation

Step 1 Step?2

IKFRZ AR R R (25 LR Bk

cyclohexaneh®, A% 5= M [ T4



Computational parameters

iR & REE T
Pt. Ni

DFT-based total energy calculations
Becke three-parameter hybrid functionals
Perdew-Wang gradient-corrected correlation functional and Hay-Wadt basis sets



Cyclohexane dehydrogenation: Potential Energy Surface

Potential energy (eV)




Potential energy along the reaction path
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Spin density

Spin changes along the reaction

Triplet cyclohexane/Pt, Septet cyclohexane/Ni,
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e.g., Chiyoda Corporation

Shogo Shibuya
President & CEO




Hydrogen Separation Membrane

Understanding H absorption on (1X2) missing row reconstructed
Pd(110) surface

other gas :___\:}

Chemical
Process

Dr. Allan Abraham Padama
PNU, BSPT 2004

A clear description on the behavior of H atoms on surfaces, especially its absorption process
will be significant for various applications such as storage and hydrogenation or
dehydrogenation of different molecules.



Towards Hydrogen-based Society

1. Fuel Cell Vehicle

2. Liquid Hydrogen Tanker
3. SOFC (Solid Oxide Fuel Cell)



. Onithe"erder-disorder transition
gipeiemisorbed H-on-Ni@@d1)

il -
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Transitjon temperatur?./ ‘\ Lattice gas model

Ertl (1979) Experiment
= Coherent scattering
LEED; : & Domain structures

fcc-hollow sites
hcp-hollow sites
Low coverage

One of these sites
(Domain structures)
High coverage

Both sites

A coverage

H. Kasai et al. (1981)



Ageno Oocen, Hideaki Boasar and Akic Bamo

W,
imed self-

51,
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can be d

In terms of ¢ and & in the surface cluster, the binding energy for the hydrogen molecule can be

written as

AEM(fa#0) = — X Im _!:'_ {; (Fa +:+s_,}a¢+;%¢:n+ £+ !"}Gu} AE
—[-—é Im.[':" {ELF:+£+-.T}GS+‘§.%[,F.'+E+M} dE] {2.15)

where the summation of § is taken for the
substrate sites. The binding energy fior the two
adatoms, AEJf,=0) can be calculated by
replacing & pp and L . with &, and L7, (for atomas)
Inlﬁam{l.lﬁ].]‘tunn‘uﬂlhltth:
energy for the two ad:

:.m-.l.rﬂu.uuﬂﬂv:mmwﬂhllrgr.m
can also be inferred from the result

brﬂn.bovﬂmalhad.ghrulhamremltﬂ
that obtained for the two ind

forﬂ:.nhnnd.ordﬂrmtoumhd:‘a‘tuntonund

in the framework of this numerical calculation.

§3. DMNuamerical Results
As the purpose of this paper is to investigate
Iheeﬂbntotth&bulkmnfihem
on the bydrogen 1 i: ption, M
and ¢ are taken wariable. Fﬂr:i-lp]inqr,q'“-
and ., are chosen in such a way that a,.,+
FLF prem Ep which ensures the charge neotrality
in tha chemisorbed sobstrate, whers Ep is the
Fermi cnergy. This neotrality condition
and the assumption that the vacuom level of
the substrate given by T+ L is taken zero of
energy lead to =143 eV and = — 14.3 &V,
respectively. mmmw
are d, g,= —13.6 eV
and U, =129 eV mnlmnﬁumthﬂ fonize-
tion potential and the clectron affinity for free

mmahmmdm—ﬂl
and AEgfs70), have been defined in §2 as a
function of F. There is a critical value #F_
obtained by the conditiom, |dEe,=0)=
| A Eglt,s v 00+ binding ecnergy for a free mole-
cubef. In the range of ¥ larger than F_., two

form than in the molecular form. Figure 2

which has been obtained for
MWMﬂmmum
framework 5 Refer to Fig. 3. It is scen that
the chemisorbed hydrogen is strongly couplad
to the substrate with decreasing ¢ For finite
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Towards Hydrogen-based Society

1. Fuel Cell Vehicle

2. Liquid Hydrogen Tanker
3. SOFC (Solid Oxide Fuel Cell)



Towards Hydrogen-based

Society
Hydrogen Business (IKZ&E 2 R~ X)
 PEST analysis (PEST 734T)
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* T(Technology) ¥ fiTFIE A (ElF i, =5)
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Our Present Scenario

Combustion of Conventional Fossil Fuel
Leads to Emission of Greenhouse Gases

World’s Energy Supply
100 T T T T

> Wood & coal : Hydrogen
g ol i i
2 YA
> Non-sustainable 4®  Increasingly
E’ sol- fuel sustainable |
& ! sl
o I
g |
8 | 1
§ 20 IHydrocarbons n
a ydrocarbons B

0 : o (Gases) | y

1850 1900 1950 2000 2050 2100

T. Muneer et al., Energy Conversion and Management, 44 (2003) 35.

Alternative energy is the ultimate solution

to the global energy problem and environmental concerns



Alternative Energy Source Realization

Clean (@A = .. Cheap

‘%X,, . A 0

Efficient
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The Rise of Hydrogen Economy

Inspired by the launch of hydrogen fuel
cell cars by TOYOTA in 2014.

Fuel Cell \Vehicle

A vehicle running
on hydrogen

A—H—FL/PFEildE <1

7,236,000
(;EEFtR=6,700,000M)

TOYOTA

Sales launch of Fuel Cell sedan in Japan before April 2015
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e PEST analysis (PEST%#T)
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FCV Popularization
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FCV Popularization

Subsidy

Deregulation

METI(Ministry of Economy, Trade and Industry)
Agency for Natural Resources and energy



FOSSIL FUELS

Fossil fuel depletion = Global warming - Air pollutwn

Productlon
Storage

Safe and
efficient
Utilization
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Fuel Cell Introduction Proton Exchange Membrane Fuel Cell (PEMFC)

electric circuit

Q0 & O; (oxygen)

0

M heat

air and
used T”f" +— 0009 & — water vapour
racirculaes ’f "I|L [HE‘D‘]I
catalyst catalyst
flow field plate proton exchange flow field plate

qas diffusion
electrode (cathode) /

gas diffusion membrans
\ala{;’rmde (anode)

Power Control Unit

Transportation

) 2007 Encyclopaedia Britannica, Inc.

‘ PEMFC Production Cost ?

Traction Motor Fuel Cell Stack  Hydrogen Storage Tanks

_— ) Dr. Ferensa Oemry
Zero Emissions Vehicle (ZEV)



Cutting Edge R & D for Fuel
Cell (PEMFC) 2001-

Toyota and OU R&D Hydrogen Storage
Materials Design, etc.



Japanese Patent N0o.5110557 (2012)

Toyota - OU

 Kunihiro Nobuhara, Hideaki Kasali, Hiroshi
Nakanishi, Wilson Agerico Dino
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Hydrogen storage and transportation

fuel cell-powered vehicle

o o
Q = AR A

FCEV AR/ — LAV DORE
< KEREES
>

BBk
L Carbon nanotube : CNT
= L
t o . Graphite nanofibers : GNF
L

REZRT/ELEME
.

_—J

&

y




Liguid Hydrogen Tanker
K ER AL KR ERR A

HE: TR ENBERFAEICAIT=KFF—DORRATREERS T RIILTF— &R
SRS EE vol35,No0.2,2014.3,P33-38

Kawasaki Heavy Industries-OU-UT
NEDO Project (2015-)



JAPANESE PATENT NO. 3765050 (2006)
JST (JAPAN SCIENCE AND TECHNOLOGY AGENCY)

2 .Hideaki Kasai, Hiroshi Nakanishi, Yoshio Miura,
Rifki Muhida
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4¥FE2002-327405

1.Hideaki Kasai, Hiroshi Nakanishi, Wilson Agerico
Dino, Rifki Muhida
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- Ortho-Para Conversion Reaction Design

Jj=3

Rotational Energy
A

— 90.48meV

— 45.24meV

—15.08meV

— 0.00meV
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H, molecule nuclear spin states
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Ortho-para conversion is necessitated
before liquefaction.
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Molecular rotation dependence of
ortho-para conversion

Quantum simulation results
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A R.Muhida, et al : J. Vac. Soc. Jpn. 45 (2002) 448.



Liguid Hydrogen Tanker
K ER AL KR ERR A

HE: TR ENBERFAEICAIT=KFF—DORRATREERS T RIILTF— &R
SRS EE vol35,No0.2,2014.3,P33-38

Kawasaki Heavy Industries-OU-UT
NEDO Project (2015-)



SOFC

M.Alaydrus et al., J.Phys.Soc. Jpn. 83,094707 (2014)
Mamoru Sakaue et al., ECS Transactions, 68(1) 3195 (2015)
M.Alaydrus et al., Phys. Chem. Chem. Phys. 18, 12938 (2016)

2. Hideaki Kasai, Hiroshi Nakanishi, Mamoru Sakaue, Musa Alaydrus

New material and structure of solid oxide type fuel cell
Japanese Patent Application No. 2013-212308
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L
Solid Oxide Fuel Cell[advantages

v' Can have efficiency of 60%

Cathode Electrolyte Anode for fuel conversion to
ot Gl — H:“CO' ele_ct_r|0|ty and 0\2erall
2 Gl— ch, efficiency of §0 Yo When the
XL h heat produce is harnessed
&a— v" Fuel can be reformed in the
_ E— i, 6 fuel cell itself which allows
A N do fuel flexibility (H,, CO and
s La,_,Sr,Mn(:{,(LShi) o Yz e ®  NijYsz s CH4)
o LirarCriFe,0ss | ® G0ssoped ce0y(6DC) || @ Perovekie (AB0j Anta, 1, Ca & v' High temperature operations
e A P B G Wi Fe GRS results to improved reaction

kinetics thereby removing
the need for precious metal
catalyst

SOFC is a promising technology for
efficient energy conversion device through
electrochemical reactions

Areas of Improvement

. v Usual operating temperature is high

Overall Reaction P g temp gn,
v 5 800°C to 1000 'C

Anode: H, + O — 2H->0 + 4e- v' Must be constructed of robust, heat

resistant materials
v" Must be shielded to prevent heat lost




L
Candidate Materials

CeO,—based (Ceria)
La,GeO; - based (Lanthanum Germanate)

v Flourite
structure
?ga WQ v’ Perovskite v O migration
. .
> v :?] m|grr?t|on through
, roug vacancies

o {os
DY

Pr,NiO, - based (Praseodymium Nickelate)
LaGaO, - based (Lanthanum Gallate)

o v’ Perovskite .0‘0. v" Perovskite with
La

with GdFeO,- 0,040 K,NiF,-type structure
type structure “ v O migration through
(b) v O migration —OTOTO interstitial
OGa through W W —

v" Mixed ionic and

vacancies electronic conductor

0




First-principles study of the Lattice Strain
Effects on the lonic Migration Barrier of Sm-
doped Ceria for Solid Oxide Fuel Cell
(SOFC) Application

The migrating oxygen I

Empty space due to
oxygen vacancy

Dr. Musa Alaydrus
(2015)
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Lowering Activation Energy Barrier
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_ /IZ,'T 77 ﬂJZlﬂS D C( Ce,. . Sm O, 5 ), /g/ﬁ/fﬂ
CMD-NaniwalZ &5 EHFEE NS, 4% DI ADEIMESNT=
Ce,_,Sm O,_DIEENEE LR E~300°C> TRF B,
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Substantial reduction of operating temperature can be realized.
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i+==*+. SDC(Ce,Sm,02)
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1:Electrolyte Materials Design

i+==*+. SDC(Ce,Sm,02)
L €= 02—

Support Materials
(Metal Oxides)

LAMINATE STRUCTURE

BRAAACE

compressive stress

BFEBDEGOIXFERPELOEMICKY ., BERAT > DIEEHF RIS
A% DI FEMEZL=0 I AMMIZEKY . BRAAVGEEENRALT D,



Something to Think About...

EDEIIFBOHGTHRLSYLGEHNRE —FK

Tsuyu no yo wa tsuyu no yo nagara
Sarinagara Issa(1762-1826)

This dewdrop world —
It maybe a dewdrop,
And yet — and yet —

Trans. R. H. Blyth
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