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How many products are damaged
by the lack of 1kg of rare metal
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Relationship among the three research field In

the 3rd Five-year plan

‘ Social Needs \

Materials for energy, environment and resource

*New materials for renewable energy
New materials for energy efficiency
*Heat resistive, light-weight, and robust materials with Reliable and Safe
*New materials for strategic use of minor chemical elements

N

Nanotechnology

Advanced common

Nano-scale materials

technologies j
*Material Synthesis in nanoscale

*Materials Analysis
*Simulation
*Design and Synthesis

*Nanoscale system optimized for
emerging novel property




Material for Power Generation and Storage
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Next generation photovoltaics
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Basic Research on Superconductive towards energy saving
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Next-Generation Refrigeration “Magnetic Refrigeration”

Magnetocaloric effect s Magnetic refrigeration

Changes in temperature and heatng value
{heat absorption'heat generation )
induced by external magnetic field.
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Micro atomic magnet
(magnetic moment)
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Temperature igeration  refrigeration
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Table 1 Hepresentative examples of magnetic refrigeration materials.

name of material | = Abbreviation)
CrK(S504)2-12H20=CPA
FeMH4{S04)z-12H20=FAA
GdaGagl2=6GG
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B
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agn
Fig.1 Principle of the magnetocaloric effect
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New materials enable more efficient use of thermal energy
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Light-weight high-performance hybrid materials
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Wide-band-gap materials
for optics and electronics
Tbh,La,Ce
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Energy efficient Magnetic Material
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M aJ or M eta I established global market
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Light metal Al, Mg

Cu,Pb,Zn,

Base metal SN

Precious
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Resource-view Weight is important to
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discuss Rare Metals
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Resource(-end)-view weight

Consumer end

/ extraction
mining

Kgmetal - 6kgconcentrateh 300kqg ore
-

Over urden‘

Metals

TMR: Total Materials Requirements, or Ecological rucksacks
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TMR coefficients of metals
(size of the bubble is proportional to the digit number)
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1kg R.E.E. is nearly equivalent to 1 ton Fe by environmental view

10,000,000

1,000,000 -
* Pt

100,000 '

Tb
Ce,5m,Gd, Dy » Eu,Tm,Yb,Lu
Nd o

 Fr

10,000

Pr,La

ton/ ton-metal

1,000
Bubble size presents
the degree of toxicity

TMR coeff.

100 1000 10000

Total material CO2 ton-CO2/ ton-metal

requirement CO2 emission during

~
=

: .. mining and extraction
Waist from mining




depll_eltion {(annual production)/(crust exist ion)} normalized by Fe as 100 Th e E | e m e n tS H e
TMR Resource-view weight: tons of TMR for 1kg of metal production
dominatiol.r = Share % Of top country of production, country code 1 i ili
l” ; <— * Increase of production from 1999 to 2009, (%) Wlth SUStaInablllty parameters
oli [ Be 8 | C | N|[O| F |Ne
01'653 02'055 @ Magnet, motor Optical function Display & its porishing g 712
4%(: SEU @ Batteries Information media Fire retardant 4zT
190 M— @® |C tips and parts Thermoelectric, Solar cell 104
N d ® Electric wiring Catalyst, electrode AI |® OSOI 6 P S Cl Ar
0.4 g e 4 1 | 003 | 483 | 904 | (M
0.01 ightning @ Structural material 0.05 6'5 )
56 0.07 31CN 35
100 82 Cl \V/| Cu 163 1ca 114 126 190
K'1cal sclol [oV 2 F® :Coo :Nm s |%2N [°Ga [“Ge |®As |“se [“Br | Kr
4 0.1 2 n 15 116 959 1 (1543
32 3 100 1 0.1 235 316
0.04 1.5 66 0.61 0.26 0.04 32 )
26C 0.09 2. 23A 37 0.03 0.01 0.008 40C 19R 0.36 )8 7.3 71 0.03 0.45
y 39 34C 47 50JP
A U ot | 22 G U 38IL
feYe) 237 270 12C 165 Nlp 12C Al 121 157 44 129 119 T
Rb Sr Y Zr |eND o9 Ru 34' oPd .’3"25% oCd In ‘1);1' Sb Te | 570 | Xe
10 70 33 36 206 991 986
051 | 2, | 0.55 | 0.64 | 140 79 | 239 | 10 | % | 007 | ©3 7 1 95 )
0.13 X 2.7 : : 6 0 4.8 y 12 2.5 10
48E 41A 92B 0.75 792 797 417 18P 23 50 37 0.06 44)P 59C
S U R y A A 91
122 ‘B|7I1 1C1 292 L 2_5U 110 A 1CC L QA 250 ILJ 120 88 L
Cs [®Ba | ) | NI [ela Jew | Re [ Os | Ir | PUICAUEHE | 1) | G0 |1OBi | Po Rn
184 104 12 765 110 0.3 4 375 12392 337 0.5 5 770
001 | 051 | > | 68 | g3 | dg | 240 | 400} 530 110 | 2 g7 | 003 | 0.22
) ) 9% 10 48A 81- 48CL 792 792 792 0 63 ) 4'3 62
147 | 7o | e 1Y L 1ss | aig | A | A ] R B oo |67 221
R3 \All 128
bof]esa [ S8 Jepr [oNd ®m |“Eu | Gd |®Tb |®Dy | Ho | Er | Tm | Yb | Lu
32 18 9 11 11 2 8 3 5 2 4 24 4 5
) 7.9 12 16 33 17 55 16 30 12 32 32 32
NIMS AC Th Pa U * Estimated by import of Japan, ( ) amountin crust is less than in sea water
/] - Data form KEFLLLBET—4S USGS minerals information
<T@ 22 T ¥#L 7 *A4)L (Kogyo rare metal) Japanese journal
I . . Mise &ERIHEZ] NIMS-EMC data on mat. & env. No.18
nREEE~2—  http://www.nims.go.jp/genso/ o

Halada, Katagiri, Proc. of EcoBalance 2010 p609




Critical Elements for Energy and Environment

Energy Energy use cleaning
Generation, conversion, storage Heat, actuation, illumination, information

Solar Cell | | Fuel Cell | | Battery ;reirtrgg— Motor | [LED Elect/rcglcs Catalyst
o T > S 4> T JT_
i = = Bi py || Ga Au Pt
g o a Te Nd In Pd Pd
In Co Sm La Rh Rh
Cd Ce R.E. E
Gd Sb Co u In K.E.
L B Y w
METI
Research Institutes and Funding System in Japan e
Ministry of Education, Culture, Sports, Ministry of Economy, Trade
and Science and Technology (MEXT) and Industry (METI)
JST || JSPS NEDO

na @ﬁ\

RIKEN ||NIMS | Universities | Industry [AIST

Strategic Research Basic Research Applied Research




b
A,

“w MEXT Elements Science and Technology Project

- Designing Material Functions through Funda search on Elements’ Roles
@ SENRY@ started 2007

Background
Rare earths and other rare metals utilized for electronics, automotives,

Information technologies, and robotics are facing their price increase and
tight supply due to the rapid increase of their consumptions and export
policies of producing countries.

Project Outline
Establish sciences on the roles of critical elements in materials to use

alternative elements

R&D Aspects on Research Subjects

1. Alternative materials composed of ubiquitous and nonhazardous elements
2. Advanced utilization of functions stemming from strategic elements

3. Practical material design for the effective use of strategic elements

MET!I also started Rare Metal Substitution Project in 2007
22



THREE APPROACHES OF

ELEMENTS SCIENCE AND TECHNOLOGY PROJECT
started 2007
Approach of Minimization:

Material design of higher resource efficiency, namely
reduction in quantity per function, is expected as immediate
measure. Nano-technology is powerful in this approach

Approach of Substitution to more abundant element:
Material design with nano-technology has the possibility of
functional design with other chemicals and elements. Band
gap design electron orbit design with nano-technology give us
various possibility

Approach of Circulation:

Japan has a great possibility of urban mining. Nano-
technologies such as molecular identification expected to
provide new tool to selective concentration from waste,



Sialon Fluorescent Material

with High Brightness and High Efficienc

Durable phosphors have been developed by introducing the
luminescent ions such as Eu into the crystal of SIAIONSs.

/&\k i}lff,z'\’?l-l; REANTEN
N0 v . a
%” g\ | \ 2 /'\\ // \
v N 7:& o R
» e P [— i“.‘l( lllll
\ ,_.f\ v : F 300 400 500 600 700
3 B A& (nm)
Fig.1 SIAION crystals Fig.2 SiAION Phosphor Fig. 3 Luminescence property
=F=E
R EH

AR ,_ |
2
HEBLED

» Superior to durability and high temperature stability
« Excitation by blue LED

Fig.4 Principle of white LED




Neodymium Magnet without Dysprosium

A method for increasing the coercivity of neodymium
magnet powder without using dysprosium
» Thickening of the Nd-rich grain boundary phase could be
attributed to the coercivity enhancement.
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e : : et £ 08 powder -
c 7
i S 04 }/
8 o0 ,'/
By @ /
B § -0.4 /
P d = -0.8 /
< I’OCGSSG -
<€ > _ _.-__’,_..--"'
~60nm PLERAT P RN o S
E‘I \., ~¢- &1 e 16 | | | _
3DAP map of Nd and Cu W ¥ 0 58 S -3000 -2000 -1000 O 1000 2000 3000
: . 4Q0rfn < B 7T Field [kA/m]
of the diffusion processed

sample

» The systematic nanostructure analysis of existing neodymium magnets using 3D Atom
Probe reveals that the coercivity can be improved by decoupling the ferromagnetic

interactions between the crystal grains.
Scripta Materialia, 63, 1124 (2010)
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MEXT Elements Science and Technology

High Performance Anisotropic Nanocomposite Permanent Magnets with Low Rare Earth
Content

S. Hirosawa, Hitachi Metals., Ltd.,
Hitachi Metals, NIMS, Ehime Univ., Kitakyushuu Univ.

A new category of permanent magnet materials with no Dy and less Nd with comparable magnetic
properties with those of current (Nd,Dy)-Fe-B sintered magnets using HDDR (Hydrogenation-
Decomposition-Desorption-Recombination) and Fe-nanocoating processes.
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%j[g: MEXT Elements Science and Technology: Granted in FY2007

Development of Hot-dipped Aluminum Self-forming Nano-particle Catalyst without
Alloy Coated Steels Precious Metals
T. Tsuru, Tokyo Institute of Technology Y. Nishihata, Japan Atomic Energy Agency

Substitution of Zn with Al on Zn coated steel T T b PR

—— total substitution of the A A)\ i
k1  Reactns R Sl Loy precious metals in the SR (*0)
Socicia abiis e ' L kY rducT,
7 - " automotive catalyst for A, i
e e gasoline engine. y ; Cu
o i;:nm o B o i elc.
o 0
Wt i i giﬂ?ﬁé ﬁi Solution / precipitation
Wby, Sriamsn _ Mechanica)) i nano recycle
s reromater T Development of TiO,-based Transparent
= N'ewl-lotmoflped Coated Steels
New Hot Dipped Coating Process Electl‘Ode
Development of Barium-based New T. Hasegawa, Kanagawa Academy of Science
Lead-free Piezoelectric Materials with and Technology
Ultrahigh Piezoelectric Property for As an ITO (Indium Tin Oxide)
Piezoelectric Frontier alternative, the sputtering-
S. Wada, Yamanashi University Domain control | and CVD (Chemical Vapor
Ba-based new Pb-free Deposition) -based practical
piezoelectric materials with | - processes for fabrication of
ultrahigh piezoelectric properties 2 indium-free TNO (niobium- B
for future automobile MEMS ? doped titanium dioxide) L
applications. transparent conducting thin

films will be developed. O (Intorsiltial sltos)



1‘3;‘: ME XT Elements Science and Technology: Granted in FY2008

Material Design and Processing of Highly-
dispersed Catalysts with Minimum Precious
Metal Loadings

M. Machida, Kumamoto University

Minimizing the loading of precious metals
(PGM=Rh, Pt, Pd) and rare earth elements
(Ce) in automotive catalysts by realizing
thermally stable and highly dispersed PGM

nano-particles anchored onto support surface.
JPN demands for autocatalysts

| | forres) D02 206
PaM: 30 45 KNS
CeD; 615 1300 X2.1

PO --5 a/viecie
Ce 17~20 g/vecle

Ubiquitous Element Strategy for Function
Emergence

H. Hosono, Tokyo Institute of Technology

Novel functionality based on
abundant elements utilizing
built-in nanostructures,
interface/surface and/or
defects.

Nano-hybridized Precious-metal-free
Catalysts for Chemical Energy Conversion
K. Uosaki, Hokkaido University

Nano-hybridized precious-metal-free
catalysts for the innovation of fuel cell and

photo-electrochemical cell.

e

AEaplon o> Dl prcpgton o
electrode surface core ions as metal

Development of Innovative Energy Conversion

Systems with Molecular Catalysts Replacing

Precious Metals

Y. Naruta, Kyushu University

Development of molecular catalysts w/o

precious metal ions for water decomposition

to H,/O, as well as O, reduction using organic-

inorganic hybrid systems.
Molecular

mdézf;“ design
“NGEF i R AN
of = _\_%m -‘q‘Q"
b \H + i&-@"’ i
High Low 4H  Hign High electro-
durability  overpotential selectivity  motive force |



“2ME XT Elements Science and Technolgoy: Granted in FY2009

%W

Design and Processing of Functional Materials with Development of Eco-friendly Post
Multi-elements Based on Chemical Potential Lithium-ion Batteries

Diagrams o S. Okada, Kyushu University

T.Uda, Kyoto University A e | Replacement of the rare-metal

The development of new o o) P commen | €l€MeENts massively used in anode
phosphate electrolytes for fuel & ... andcathode active materials of

cells, phosphide semiconductors <3 ','_':. lithium-ion battery with

for photovoltaic cells, and calcium w» & P, [y i ‘.’_-:. economically and ecologically friendly

hydroxyapatite for bio-materials 3888 . " <o, /% =o-  glements such as sodium and iron.

by computational thermodynamics T "-"”" P,,{;‘p,'-jgf

Bio Materials

and the first principle calculations. —‘Gq&.};ﬂw i

Organic Molecular Approach to High-performance
Rechargeable Batteries and Mechanistic Elucidation
of Charge-discharge Processes
Y. Morita, Osaka University

- | o Ky o s,
Organic molecule high @ -5 mﬁm"we ganic syn
performance rechargeable /Tterials @
batteries by using the with i 2 :

|

multi-stage redox ability. Battery device

1
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Development of suitable Electron microscopy
device composition Electron spin resonance

— Closed structure

Opened structure —
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Electron structure Engineering (= atoms re-arrangement)

Considering function units not as the kind of elements

but its arrangement and consequently generated electron status.
Design as lattice’s structure

In sub-nano size order L o
TS5XTKFR—EVS
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to enrich of the Possibility of Element Selectlon from common resources, Fe,Si,Al,Ca
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a) CNT

b) Fullerene nano wisker
c) Oxide nanosheet

d) Carbon nano cage

e) Molecular assembling



Atomic arrangement calculation
in the field of photo-catalyst

Various photocatalysts are

developed by band- gap
design
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First-principles simulations on reaction mechanism
IN energy-conversion materials

-Development of first-principles MD simulation codes
- Elucidation of reaction mechanisms by large-scale simulations s

Water dissociation on photo-catalytic materials |

TiO,/H,0 interface Reaction paths and barriers Large-scale simulations
; for 10,000-atom systems

Development of simulation tools
High-accurate large-scale simulations

Elucidation of mechanisms
underlying phenomenon

Li ion diffusion in Li battery materials

Li(Fe,Mn)PO Li ion diffusion barrier Determination of key factors
620 mev which control the reactions

N

L o4 330 meV
©

wl

Optimization of key factors
s 1 15 2 2 High-throughput screening

Image Index
Diffusion path of Li associated with polaron hopping Element strategy

P v N U= Materials design
e ( B E @k,;\-{ High-efficient energy conversion




XRD, HAXPES and DFT-MD simulation of amorphous Ge,Sb,Te,
and AgInSbTe and their phase change mechanisms

XRD of A and C phase AIST

DFT-MD simulated A-
structures in AIST(left)
and GST(right).

T. Matsunaga et al., NATURE MATERIALS VOL 10, 129-134 (2011)

experimental and calculated

valence band DOS of GST

(uppe
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r and AIST(bottom).
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Large scale DFT-MD simulation combined with
Reverse Monte Carlo analysis of XRD and
valence bans density of states obtained by
Hard X-ray photoelectron spectroscopy gives a
clear cut picture of fast reversible crystalline-
amorphous phase change mechanism. (Exp
done at SPring-8.)



Next generation
Science and Technology on Elements Project

Q )

Budget Proposal Electron Theory
G roup Quantum Theory

Design Group with

10 years project

4 hubs in Japan

Several million €

per each hub
‘ y Science Based

Alternative
technology

Analysis and Evaluation
Group of Material
Function

Fabrication Group with Nano
Construction

Nano Fabrication Function

Group Analysis Group




What is the ultimate solution of the sustainable use of energy and resources?

For energy,

Utilization of solar energy from the Father Sun

For resources,

Utilization of soil composition (Si, Fe, Al, Ca, O etc.)

from the Mother Earth
and C as their children

Toward the solution, we endeavor to realize it.

Before the solution, we manage to supply the demand
by available technology.



12Ca0-7A1203 —— optically transparent & electrically conductive

¥ U Electron

cage structuref‘ = ¥ Electron trap conductivity

can includes H- ion substituted from In cage structure
free O- 1on which balances Ca+

by thermo-atmospheric control.. -> transparent semiconductor

By Prof.Hosono, titech

Cement material substitute Indium Tin Oxide

Our known semiconductors are only a part of them.
We have various kinds of unexplored semiconductor
in our own backyard. 3°



Carbon technology substitutes PGM used as catalyst

Nitrogen doped graphene makes similar electron structure with Pt catalyst

i ‘ , | Carbon
Il .—..—.—JL.—M«-[‘ bonded to

: nitrogen
-E.'." aml | . 5
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Thank you !
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