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Search for Alloy Catalyst for Automobile Exhaust Gas by Means of Integrated Flow
of Experiments, First-principles Calculation, and Materials Informatics
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A new integrated flow has been developed
that makes it possible to efficiently search for
alloy catalysts that reduce the amount of precious
metals employed in catalysts for the purification of
automotive exhaust gases. The distinctive feature of
this flow is that it functionally integrates the properties
of the conventionally performed test methods such
as catalyst activation tests and X-ray photoelectron
spectroscopy with those of first-principles calculations
and materials informatics, performed using computers.
First, experiments and first-principles calculations
were used together in order to conduct an analysis
of the nitrogen monoxide reduction reaction, and a
density of state was set to function as an index of
material performance. Next, the performance rank
of binary alloy catalysts was predicted using first-
principles calculations and materials informatics, with
this density of state as the target variable. More than
10 binary alloy catalysts calculated as displaying
performance in the top rank were actually synthesized
and their performance was confirmed. The results
showed that it was possible to create an alloy catalyst
that displayed a higher level of performance than a
catalyst using palladium, the main active metal in use
in current catalysts, demonstrating the usefulness of
the integrated flow.
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HBZLRILHMBENTWS, LA LESEZINEDIC
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Fig. 1 Layout of catalyst material in exhaust system
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Fig. 2 Comparison of material search flows
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3.1.1. XB&A*

(1) MEERFIE 6 FERH O B Jm AAE 2 — AR 25 K
BWIRIZ K 2 ERHFFTFEIC K O/ER L 72 O B Lic
139 RT y-AlLO; 2L 7= (Table 1).
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BT K (X-ray photoelectron spectroscopy: XPS) % vy
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kV, %9 10 mA, WE T FILF —471% -15 eV 2 5 40 eV
FTE LA Y TIGRTLEE L LT 500°C TR %
B o Tk, DEMEA 2T TR T2 EEINRE & AT
U7z & FlE @ IC8 A UHlE U 72,
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& & i R R ER - CHERR L 72 (Fig. 3). % DS,
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TR L 72, 2 OB, BRI N JH1% 0 i1 % 81l <
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Table 1 Sample catalyst
Catalytic active metal Support oxide
Pd, Pt, Rh, Cu, Ag, Nd 7 -AlLO,

Table 2 Simulated exhaust gas composition

Gases Concentration
NO (ppm) 500
CO (ppm) 5000
CsHe (ppm) 400
H, (ppm) 1700
O, (ppm) 4900
CO, (%) 14
H,O (%) 10
N, Balance

Table 3 NO-CO gas composition

Gases Concentration
NO (ppm) 1000
CO (ppm) 1050
N, Balance

ERW2, REEEEE U7z N JFE T2 CO 23EA LA &
1% NCO FEOWRAE IREE % MR e & UM L 7.

ZOFER, NO REEHE L NO EICRIC I E O HE 3R
W57z (Fig. 5). & - T NO OREERIGIE, NO EILKIE
IZE S THELMIBTH S Z & AL 72,

— WM OFFEEER R OBXE )11, NO O K 5 124
BT E2HOHTO5E, KEGHHENDOE 512X 3
K@ nE i b5h3 (Fig.6) 2.
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Fig. 3 Correlation between purification ratio for
NO-CO gas and simulated exhaust gas

WHETDZELER. OO MEEIEOE T IREEE OE
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4@ D A DA E - DB IREZ S (Indexed valence fif)
& NO DO fipER M O A BE MRS & S0t L 7=
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Fig. 4 Image of reaction path for NO reduction
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Fig. 5 Correlation between NO reduction ratio and
NCO adsorption intensity
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57z,
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HELEOBELTOXSITKHS.

- BIEEHE A Z SIS B NO EILEE NO-CO FfFick
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f e & R TTIERE ISR A b 5 Z & ZHfERA L 7z,

- NO D BER M I iSO Indexed valence fiEi & FHEE A3

A 5.

Pk s, fEEEoEFIREER & NO ZILERE D
IISAHBEBI R RO T % & B A, & —EEHRIC & 2 E6
KETIREMT A IS5 2 E LT

3.2. H—EIFEEIC & B3 RISDEFIRERRT

NOEITCIZHEWTEHE L 25 NO O fFEE S 3 a4 )
26 DBEFMEIZ & - THRBT 5 Z & & BERIIZENT,
FHVTVTARIA VT AT 42 AT BETIRER
DRI A BET 5720, B JRBIE R A W28 T
IRREMNT 2 FENE L 7=,

32.1. 5tEH&

B HEGEORENFETH 5 FENBEE DFT)
12 & 5T NO fREEE @R O E T IREMNT % Table 4 123
T4 THEIEL 720, BB MHTIZIE Nudged Elastic
Band (NEB) ¥ Y % i L 7-. % DatE %4 Table 512
i

322 EFREBENEEET IV

FIEETF IR ESEE L TCPd AL 724
THE L, PAd(111)3 @2 5 7 F L O Fic KISE
WHIRREL LT NO 1%, 2o TIREE LT N BT
OO R TFZEE L 72 (RIH 178 38). ZhZhold
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Fig. 8 Correlation between NCO adsorption intensity
and indexed valence of catalytic active metal

Table 4  First-principles calculation conditions

ltem Detail
Software Quantum espresso
Functional PBE -GGA
Cutoff energy 35.0 Ry
K-points 3x3x1
SCF conv. 1E-07
Magnetism Spin-unpolarized

Table 5 NEB calculation conditions

ltem Detail
Number of images 11
Optimize scheme Quick-min
Path threshold 0.05 eV/Ang
Spring constant 0.1 a.u.

EiE b 52 UM R AT U 72 1Tl =g i & Ik
Tl ZOREE LT, fee hollow site 12 NO 312N
& Pd 2% LTI LT 3 IREA #AIRFE (Image
0) &L, OF172Mi#% fee hollow site (2 fRBEN:E 9 5 IKRE
% A&IRAE (Image 10) &3 L 7= (Fig. 9).

3.2.3. EtEER

NEB #EIZ K > THEE L L 72% D Image 0205
Image 10 £ TO NJF T & O FH T OIHEE (Fig. 10) 2”7

ZOFER, B L TW72 NO 712 Pd Zli~Elh
Image 5 DIETIRAICNHF & O I HFOMEERIAD D i
FECIREEST 2 Z b o7z, 2 2 TEBMEBRICET 3
TIRREMRAT 2 F2hE L 7=, 2 DS, O T ICEHLCET
KRN 2 B Z -7z, ZOHEE LT O FHFIZIGIRGE
TPdEm»OREEENTEH D, FIRET Pd RmIZA
T 5 72 DPERRIC K 2B TIREE LA REKRELShDL
ZAil=P5THB. Fig. 1112 Image 0 2°5 Image 10 £ T
D O Ji+D p BN LDOS ZftE % H# 7 —~ v T TRY.
Image 6 LARET 0 eV 3L (HIBEGHRIN) O LDOS A S
% Z LR Ehsz. ZHid NO ORHEHRFE T Pd 2

@ Palladium
 Nitrogen
@ Oxygen

(a) NO molecular
adsorption model
(image 0)

(b) N atom and O atom
adsorption model
(image 10)

Fig. 9 NO adsorption model
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50T (NOZT) D7 x )b IUERIAHENTE T A5 X h
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3.23. HTHRELZ LDOS 51t & HIZARIZHREL,
ZOMAKREL BB K5 & LREEE, HENT—4
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Table 6 First-principles calculation conditions

ltem Detail
Software DMol®
Functional PBE -GGA
Basis set DNP basis set
Core treatment DFT Semi-core pseudopotential

b E L8, EIREEE O 7 VIO T
(FCC) R — 2 Ot sk, MBIITEFIEE L 1 1 T5s
FEAELTWBEFILE L.

331, EFRERESNEET IV ESESRMA

JE - Bl AR AR A A LIS L N
L2 ETIL(Fig. 12(a)) #1EK L 72, GFRTFNEIZ, S
' TG RECEI R AL 226, (111) mTY)
DLz 6A T 7ETIL (RBET K 24) Z1E% L (Fig.
12(b)), MOREEEELEI R 2N L 72, 2 L CiREMO
B2 FFI2DOWT 7 2 L IR FHEDOBET 3L —
WO LDOS #5M L7z, PADOZATHIIELL =M%
LDOS #5f# (Indexed LDOS) & L 7=. Et5i4%f% Table
6 C:ﬁ?ﬁ‘m)’(w.

3.3.2. LDOS #EIEEIC T 5 FRIE T ILDIER

H 2B e i 748 2 510 1.DOS f81EE % 3% L,
B BIICR D AN N T 2 — 2 2 HO = THIET
L% SMILIZ & DAER L 7= (Fig. 13).

F9HHOTME T AEKTIE, HigE 48 L —JC
R4 42 FEOAE 90 D LDOS 51l 4 vy 2. 2D

@ Vetaia
Q VetaiB

(a) Bulk model

(b) Surface (111) model

Fig. 12  First-principles calculation model
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NO molecular dissociation process
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Fig. 13 Prediction model for indexed LDOS
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FER2 5 LDOS A & Pl e h 7z " TRAEED
BA-FEHE DFT Cat BRI L 72 1%, ¥EmE L TE 51
EBMUTPYHETLAERLE. 20X T7257 47
TR Z NPT T LORE & X
7z, % U CIRINZ AR 164 FHO M| B KU TTRA
0 LDOS i & 2 THIET L #/ERK L 7=

3.33. ZtRELFHUETNERER
TFHMEFTILDT 4 v T 4 V7 ERE S O ERGE
(Leave-one-out cross-validation: LOOCYV) #%# % Fig. 14
IR

T4y T4 YIRERESTIZ LOOCY #3513, Sz
BUALFIIEGE ST A — 2 AT LAZET L E LT
i, WEFNE B BDRARFTH - 72, KETEICER K EIT
F L L OHARE EBRW SR L O ICRA K
2048 D DT, TTISPEN 2 FLAEEE L THW SR
T3 Pd® Rh, Pt D=20&E%EIZ, WTFho LDOS
B R 30 MBI D B2 5 v 7 B HEHRE & o 7-.
ZOXIICREN LA LS LAbETE, ShfEKL
72 LDOSEHHEET LB LU THET LOZYMEITE NS
DEHZ 7.

34. ZTRELMEOEREX YT VL2V E—Va Y

333 HOTUMET L L DH S N7z LDOS 2 K =
W OTERA SR Oh 2 S, HEECAKTREEE LN 5
BEMBEDO AR A B Z 0, T ORBRIRE L TERL 7-.

34.1. ZxRALMEOERFE

Fl e BT v R R O e T BT I 2 T v 2 L
B ) X5 KBTI 2 B 2 L AR B 7%, RfEd
JTC 3K O R A 1 438 T BE 20 R T4 20 2 VWA &k L
7K % y-ALO, FICHHE L 72, Al EEIcEDOBEICEN
ENKELFAENEPES TR EVWEREENSER, 55
WIEETEHI OB TCEMN L EOTEHRE FLRICDNTET —

12 :

= Fitting plot | Pdcu PdPdN]
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Fig. 14  Fitting result and LOOCYV result

275 X EHNT y-AlLO; EANEIEZ/ Sy 21) V2§ 5
ZETamkLE

342 ZxtRhEEMEOXF v S22V tE-2 3>

y-ALO; It ETAER TICE->TWE I L%
fEild 5729, X ray diffraction(XRD) 2 &k % #idfit
fIt, Scanning transmission electron microscope-energy
dispersive X-ray spectroscopy (STEM-EDS) {2 Xk %Ki+
Sy ARIE 25 5 NS ICR T & 35 T 2\ < il 5 B D B
T RA TR L 72,

R&EFIE UT, WHETTETHR L 72 PdCo A&l d
XRD #l@ s A Rd (Fig. 15). BT E — 7 BT OFER,
Pd(111) & Co(111) Z/R§F R AEIZE — 7 BB Tunvis
W—HT, T 5 ONITHEDMIC PdCo HEHRAEEER
T =2 (KRH) 23 HERR & re.

Z D& 512 XRD IZ & 2 hid A T IEVE A S L2 fERR
ENFH Y T DONTE STEM-EDS 53#i& &5 Z > 7-.
Z 2T PdCo A &M DBIGRHIR & & CNZILR IR R %
/R (Fig. 16).

FHrHFICERLCay P72 bERHELNS S
BRI (HAADF) 12X 0 v -ALO; Bt BiZEEh
THAEIBEL TS Z AR E Nz, £/ EDS vy
YU KB TUR D AMIRER T2 5 Pd & Co 2 X[
CHREICAFAEL TR Z &b 57 22T, XRD il
ERIRE STEM-EDS BI%H#RE D PdCo 358K 1
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Fig. 15 XRD profile of PdCo alloy catalyst

Fig. 16 STEM-EDS analysis of PdCo alloy catalyst
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Table 7 Results of synthesis of alloy catalyst

Alloy system Synthesis : Indexed valence
Method Success or failure (a.u.)
Pd (Ref.) | Liquid phase reduction S 26.1
PdNi Liquid phase reduction S 30.2
PdCu Liquid phase reduction S 12.2
PdCo Liquid phase reduction S 36.0
PdAu Liquid phase reduction S 6.2
PdAg Liquid phase reduction F -
AuNi Arc plasma S 11.9
CuNi Liquid phase reduction S 9.1
CoNi Liquid phase reduction S 5.1
CoRe Arc plasma F -
CoGe Arc plasma F
NiSn Arc plasma F
MoNi Arc plasma F
NiW Arc plasma F
CoMo Arc plasma F
NiRe Arc plasma F -
CoCu Arc plasma S 11.2

ELTy-ALO; BILW FISAFAEL T3 & HiT L 7=, [H
FRICU CHRHEAEMIED ARG EHIW L. £26%
i c o 5 WML 2 Y FLICBI LTI XPS & %
BREHE & L, HEFERIRE Y720 O Indexed
valence fii & R L 7=,

FHRIC K B D AR T & & - 72 ZI0REE O Al
BT EL S CICABRKRE L 2 5 A&MiED Indexed
valence fED—E % Table 7 12”7,

4. ZnRE EME O MEERHE

B MO Fran ik O VERERFM 4 3.1.1. 1 (2) D NO-CO
ZMFCH Z %\ Indexed valence fHIZHF 5 300C 12%
\F % flEVERE O MH BB 6% 2 B¥Al U 7= (Fig. 17). fildEvise
R, DIFORX (1) T£E M5 Turnover Frequency
(T.O.F.) f8fia Hv /2. Z ks RIS FE (Reaction surface: S)

1.8
High activity PdCo

1.6 [Tt TR o

1.4 ”,”Ej,”,”,”,”,”,”,”,”,”;5 777777
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Fig. 177 T.O.F. against indexed valence for various
alloy catalysts

37 N2 MDA SO FEEDO IR & Yk %2 6 5
H L 7=

T.0.F. (mol/sec-m’) = A (mol/sec) / S (m?) (1)
A : Reaction molecule amount per second

S : Reaction surface

ZOFEHR, PHED Indexed valence {2k & W A4 fil
BEOZRITTERE S S OB 23R 5 7z, R PdCo A& fil
B3 Pd il (Ref.) D 1.6 f5DMEEA /N L 72, 7 Z T,
PdCo &Mz onT, 3.1.1. 3 (2) OBEEE 7 2 S
BT EPERERHI A2 FLh U 7=, 7 DR % Fig. 18 1Z/8 T,

PdCo A<Ml Pd (Ref.) fIZ3 L C Pd &A HIIH
HIET Pd DR 2/3 THHIZE 21 H 5T 300C 256
400°C OHiPH T Pd it & 0 B 7= EICEREA R U 7=

PDE&y, BYOHWNTH 5 BEEMHEHEEKKL DD
FEIUHERE AR A L3 5 BBl 2 PRB U IRET 5 Z &8
TZE 7.
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Fig. 18 Results of performance evaluation on
condition of simulated exhaust gas
composition
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