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HEAL: BEEERIEEFHFEIAEZE (UA-QCMD)*
T F IR AE Tight—binding%?’llﬁ?%‘l‘%i(DFT(:J:U?R%’:‘E%H‘]I:;’J&E)

Colors E _S'ne ﬁfﬁDgﬁ%ﬁl&fﬁlﬁw
ERDE—REFH o =2 S
£YH5000fEH5E
T S R (C) H X T ECCH,
k=1 r k=1 r s
1IRFDES 2EFNHE

HEREIRILE— - Bf

. A RT3 v LB

%?E@J E” Morse,iloulomb g
EFRICEDERFHEARTUOIVILERE >
20002 FYTEIZ, D FEHZE(MD)i% :
2alb—iarIEH

MEELYI0005fEERGEFIEFEI S a2 L—2 a3 VEEH

*M.K. Alam et al., J. Phys. Chem. C, 113, 7723 (2009); F. Ahmed et al., ibid., 113, 15672 (2009).
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Cost=a =de+b-dE+c-dC

a b clIEENEH | BFHK

"BFH. IRILT— BREIDOFN

TNDOEREDFZRKD D

*CostMOITIEWLMEE BIEEITHALY | TRAF—

BENEONTLVS B

BiR{E | fBR iz} 3
sEE s rs |ds=|ts—rs|
PELE | rp |dp=|tp—rp|

de=ds+dp+...
tE rE |dE=|tE-rE|
1C rC |dC=|tC—-rC|
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vsip
2 L Total Energy [kecal/mol] Name No Oth 1st 2nd 3rd 4th 5th
) ®:-0(32atoms s 187345  -84328  -14510 00000 00000 _ 0.0000
‘ c c (' ( } DFT —7432.59 ° 8 P -104895 _ -88159  -16244 00000 00000 __ 0.0000
: Ti(1l6atoms) |Thermodinamic data(CRC) | -8236.20 S 32170 -155604 00000 00000 00000 00000
Ti 22 P -3.1102 -3.6499 0.0000 0.0000 0.0000 0.0000
Cell Si A Colors —7795.05 D -4.3500  -7.7273  0.0000 _ 0.0000 _ 0.0000 _ 0.0000
@ ©® © O CellSize[A] [prr/uaacmb] 9535 | ~
CRC/UA-QCMD[%] 105.66 Name No 0th Tst 2nd 3rd 4th 5th coef
X:7.5520 o s S 28102 20849 00185 00000 00000 00000  1.0000
. C/ . c ) 2.4015 18261 06817 00000 00000 00000 10000
S 14323 13672 00000 00000 00000 00000 10000
Y:7.55820 Ti 22 P1 13150 00020 00000 00000 00000 00000 10000
D1 2.0952 02194 00000 00000 _ 0.0000 00000 _ 1.0000
(%] < (%) O Z:9.4860
BEICBITAHBEIRILY—
BHEEIZHI e LRI
C c ‘ L £=:> % lonit;i::zl:tion Coulomb Adjacent Exchange Repulsion
Bond Length E Ecl E Emo+E Emo+Eer+Ecl
TiO2 Bond Order on [;;gt Chargel Charge?2 mo | c | (I:el:cal/mol] | motter | mottertte
0 5|TI | 33/ 0.5350 1.9300 [ —0.2080 0.4170 [ -102.6277 | -14.9433 4.0127 | -98.6150 | -113.5583
0 1{TI [ 33] 0.4460 1.9730 [ —-0.2080 0.4170 -84.4017 |-14.6138 3.0573 | -81.3443 -95.9581
TI | 33[TI | 37 -0.0210 3.0310 0.4170 0.4170 3.3754 | 19.0246 0.0139 3.3893 22.4139
%ﬁ %;E% TI | 33[TI | 34| -0.0380 | 3.7760 | 04170 | 04170 49904 | 152724 | 00001 | 4.9905 | 20.2629
A > I— 0] 1[0 5| -0.0240 2.4580 | -0.2080 | -0.2080 5.1214 5.8642 0.0009 5.1223 10.9865
0] 5[0 9] -0.0060 2.7860 | —0.2080 | —0.2080 1.2957 5.1741 0.0001 1.2959 6.4700
DFT
Total | Charge 2s 2p 4s 4p 3d s[%] p[%] d[%]
0] 6.28 -0.28 1.78 451 - - - 28.29 71.71 -
Ti | 3.43 0.57 - = 0.49 0.33 2.61 14.34 9.56 76.10
UA-QCMD
Total | Charge 2s 2p 4s 4p 3d s[%] p[%] d[%]
o 6.21 -0.21 1.69 4.52 - = = 27.16 12.84 -
Ti [ 3.58 0.42 - — 0.73 0.61 2.25 20.36 16.90 62.74
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Golors OFT Thermo | DFT/Colors ' Thermo/Colors
[keal/mol]l :  [kcal/moll [keal/mel] 5l %]
Mo 18247.60 ;| 1873408 ; 2013260 ;  102.67 ;11033
Mg 170612 | 1706.79 | 168753 |  100.04 i 98.91
c 9414230 | 9313146 | 87701.15 | 98.93 i 93.16
P 9835.11 i 9609.01 i 968237 | 97.70 i 98.45
L 5072.21 | 503154 | 487331 ! 99.20 ! 96.08
Ni | 2380240 ! 2381880 ! 2629080 !  100.07 ' 11045
Cu 1932220 | 1919634 | 2064348 ! 99.35 ! 106.84
Zn 723251 . 724932 1 613177 1 10023 93.08
Gs 212540 ;209364 208026 | 98.51 . 9788
Ge | 540882 | 500620  ; 569011 | 92.56 . 10520
Mn | 1670010 | 1566881 | 1717435 | 93.82 i 10284
Fe 1157260 | 1159182 | 1273545 | 100.17 i 110.05
Ru 3596690 | 3944502 | 3686527 i 109.67 i 10250
Si | 2506950 | 2714499 | 2323080 |  108.28 ! 92.67
Ta | 4530750 | 4653803 | 4672450 | 10272 ' 10313
Al 1872080 ! 1702869 ! 2019072 ! 90.92 ! 107.80
Sb 4366.18 | 414492 | 451366 | 94.93 © 10338
Sc 591712 ; 629889  ; 577882  ;  106.45 : 97.66
864174 ;| 946150  ; 047128  ;  109.49 . 10960
Colors DFT Thermo DFTIColors  ThermoiColors
[kealmol] [kcaiimol] [kcalimol] [%] %}
NiO 22938.00 22821.00 - 99.49 -
Cw:0 15543.00 14162.40 14101.10 91.12 90.72
Zn0 31700.50 29693.14 31408.90 93.67 99.08
Ga:03 14033.96 13578.02 13655.70 96.75 97.30
Ge02 37246.10 35854.68 37437.72 96.26 100.51
Mnz0; 8441.73 8450.29 8672.83 100.10 102.74
Fe:0; 29050.60 28854.74 27790.56 99.33 95.66
RuO: 34159.50 35208.71 31105.61 103.07 91.06
S0z 101435.00 103393.46 99528.78 101.93 98.12
MgO 7894.65 8574.56 7632.00 108.61 96.67
a_ALO; 52529.20 51542.51 53057.43 98.12 101.01
Nd:03 24527.81 . 24555.43 . 100.11
Pr:0: 24191.77 - 24996.72 . 103.33
Sbz0; 7120.89 6895.10 - 96.83 -
P10 16161.00 17139.72 . 106.08 .
LizO 30739.92 30961.65 30089.05 100.72 97.88
MoP;0; 40583.20 44303.42 - 109.17 -
S0: 264.86 283.50 256.30 107.04 96.77
2r0; 17527.90 17216.32 16885.25 98.22 96.33
CO: 437.65 433.78 384.46 99.12 .
Ta:0s 56816.00 56560.81 62671.54 99.55 110.31
MoO; 20312.39 18791.11 17842.11 92.51 87.84

Colors : DFT : Thermo : DFT/Colors : Thermo/Colors
[koal/moﬂ#[l\cal/moﬂ - [kcal/mol] : [%] : %]
N, 244 64 24176 ; -22571 | 98.82 H 92.26
AIN | -21049.80 ;-21776.98 [ -1713458 | 103.45 1 81.40
GaN | -16251.55 | -18140.45 | -13081.14 | 111.62 | 80.49
SiyN, | ~50041.71 ! ~46882.49 1 ~-45707.89 | 93.69 I 91.34
InN | -15639.60 | -14784.13 | - | 94.53 I -
.
HEEIRILX—DIEEE
S0000
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45000
40000 o O
& ot
E 35000 e 0O U
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E 30000 |
25000 | f‘ 5]
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S 20000 °
Ll DFT energy
15000 B thermodynamic data[CRC]
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H. Zheng et al., J. Power Sources, 207 (2012) 134.
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Estimation of Future Cars of the World

K3—1 tHROEREZEHDOFEFE (ETP2012)

200

A [mFcev
L Electricity
M Plug-in hybrid diesel

[N
(%))
o

M Plug-in hybrid gasoline

> <

M Diesel hybrid
— = Gasoline hybrid
B CNG/LPG

m Diesel

w
o

Passenger LDV sales (million)
o
o

: v _l Gasoline
2000 2010 2020 2030 2040 2050

H# . [EA~ ETP (Energy Technology Perspectives) 2012
http://www.meti.go.jp/press/2014/11/20141117003/20141117003.htm|

Internal combustion engine(ICE) cars in 2050 will be still more than half of total
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Three Way Catalyst(TWC) for Gasoline Car

> —
O
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2
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w HC
c
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g €O NOX
>
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Catalytic Converter Air/Fuel ratio Theoretical ratio
http://auto.howstuffworks.com/catalytic-converterl.htm ( 14. 7)

Reactions of TWC

Oxidation Pt, Pd H,O0 + CO,
Co Oxidation Pt, Pd CoO,
NOXx Reduction Rh N, + CO, + H,O

HC, CO and NOx are simultaneously removed by TWC converter system
by keeping the theoretical ratio of Air by Fuel(A/F)
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World Use of PGMs in 2013

Platinum Palladium

Electric, 6.4 Petroleum, /_Other, 13 Dental, 16 lewelry,
Medical, 7.3 4.8 averstement
Glass, 7.3 §
Chemica _4 Automobile

1,17 Catalyst, 97
Investement, 24

Other, 3

Chemical, 17

Electric, 33

Automobile
Catalyst, 217

Jewelry, 85

Rhodium

Glass, 1.2
Electric, 0.2

Chemical, _4
2.5

. Automobil
By JOGMEC(Japan Qil,

Gas and Metals
National Corporation)

~

Unit: ton/year

Almost 40 to 80% of Pt, Pd & Rh are used for automobile catalysts, thus it is
difficult to raise the use amount of PGMs to meet the emission regulation.
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Multiscale, Multiphysics Computational
Chemistry Simulator for Automotive Catalysts

Engine Control | « \ol— Simulated resultsofNolx—
Electronic \Computer (EXhaUSt gas ] S % A =
CO, Hydrocarbon, 8- L
Control fuel l Spark plug ’ L] e e e e
Injector 4 NOx, PM) L e
J \ %] l— Simulated results of HC |
Alr : y ;’ e
Microscale Jiston e
Precious metal .. — Macroscale CO, N,...
: / \_ Purified gas
S DI—:>
Support, promotérs \ N
Catalytic ~
-Al,O,, CeO,, etc. \ N
(y-AlO; 2 etc.) Mesoscale \ converter “~_
N\
N\

—

Honeycomb

Y. Nagai et al., J. Catal., 242 (2006) 103



