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Detailed Structural Analysis of Pd Particles through Use of XAFS and STEM-EELS in Tandem
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In order to realize more effective use of palladium,
one of the precious metals employed in catalysts
for the conversion of automobile exhaust gases, it is
important to possess an understanding of the detailed
structure of the metal particles. However, it has not
proved easy to visualize the structure of palladium
particles in three dimensions using individual analytic
techniques. A detailed analytic technique was therefore
created through the use of X-ray absorption fine
structure analysis, scanning transmission electron
microscopy and electron energy loss spectroscopy, and
first principle calculations in tandem. The application
of this analytic method made it possible to formulate a
model of palladium particles incorporating nano-scale
data. The formulated model showed that palladium
oxide in three different valence states displays a
unique structure, forming aggregates with microscopic
clusters of approximately 3 nm as the minimum units.
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7aA—F kD Pt AFHHES Rh i HE % Pk X 7 il
AWML TWE Y. 20 X512, Rhilidn otk %
* DU R&D v v 4 —

% sk gUHERF

https://doi.org/10.69239/hondatechnicalreview.2017 29 1 25

5 Pd OEEHIZEL TS, LZA0, mINCEEE
F 8 WHAE T O Iz B\ T, Pd il Rh il &
AR THSFOWMMERE AR $ 2%, MAKIZFFIZ NO, HHL
PEBEME T LT L 5. 23k, P07 2 » iR i e N
IBEEZTKIEHE LT PdRFORENF 7 27—
TEL 72720 Th 2 LRI N, YIHOMEZINAR S
T X B DR D Pd OBAINEHO—2 DR &
KHEEZEIOGNE. ZTO2HICE, PARKTFOF /) 27—
IR & BN ER T 5 Z e sk o hTnwb. 3L, Pd
NFOWEEEZ T b L 3WICMIicnififbd % Z &
AHREE AU, IR RS A2 Wby I 2 —
Va VEICEHTAIENTESLE T TEL, IAKIC
Pd BMRFFT 5 RN & S AR TIZIROIREE Nl L 4 5

— 195 —



Honda R&D Technical Review

Vol.29 No.1 (April 2017)

LHifsEh 3.

INET, W O2DMREIT N —T XD, iz Pd
F R O A B BB A O TR L 22l 2
R, By Hriil 2 ik H L/“C?EﬁSJ:“C“O) Pd OH %
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BWHEREMORIEIXE Z Tl v, 20 &5 2 F25RE
D=8, RSN/ Pd 2T 2R Fhid &2 DIfEIC €T
ML 7285 id 72 5 o,

2. 15\
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(4) Pd foil & PAO ORISR A Z h Zh oG & 1%
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Table 1  Fitting results for Pd foil and PdO reference
Coordinati Ideal values Results Change ratios
oo;tcl)r:T? lon Coordination | Coordination | Coordination | Coordination | Coordination | Coordination
number distance (nm) number distance (nm) | number (%) | distance (%)
Pd foil Pd (1) 12 0.274 12.0 0.274 0 0
Pd (2) 6 0.387 6.00 0.387 0 0
P40 O 4 0.203 4.01 0.203 0.25 0
Pd (1) 4 0.305 4.00 0.305 0 0
reference
Pd (2) 8 0.343 7.98 0.343 -0.25 0

(7) RFHSE Pd OfFNT A (4) THE U 7= MEHTHIDH & iz
Fh L 7=.

FEHEZRRE Pd foil & PAO DA —T 7 4 v 7 4 v I fEHR%
Fig. 1, A5k % Fig. 2, A5 N 72,85 A — 4 % Table 1
NS fENTREIRIC Fo 0 THEBRME L G RE A —B L Tk
D, 8/55 A — 2 LR 2 6RO SN Bl & 1% At
DFET T 5 RIFBERVR O Nz T OMHTEMC
TEANEE SV o OENEIZEE LT3 7 7 — KT & 5H
HL7-.

Fig. 3 (ZfHEGUR PAO & ARAIMERE Pd O EXAFS O 7 —
) TZEMBHEORMEREIRT. RATHED 0 12K & 5130
2, B Pd EREHE PO — 2 BEMETLTW3
ZENoNL LR L, PAICEDKRIES L < IEHAEE
HEDTELNRR T EAVNE N LIC K BN OIET 2 &

40
35 © Experiment Pd (1)
= Fitting result
30 -
Region of
25 4 analysis

Intensity (arbitrary unit)
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R (nm)
(a) Pd foil

18 4| O Experiment
|| == Fitting result
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analysis

Intensity (arbitrary unit)
>

0 0.1 0.2 0.3
R (nm)
(b) PdO reference

Fig. 1 Radial distribution functions and fitting results
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) VBT AR R A BUS T 5 Z & A edA 7z, Fig. 4
WZARFEE PAd DT 4 v T 4 ¥ 7R %, Table 2 IZf@##i 2
L/OoN7H 8T A — 4 ZEHERUR PAO & IR L 72653
AN, REESE Pd OMHIZEHEERR PAO & [HlkEkD fiE bt
TR TR I B -7z, ZOFE, Fig. 4 TIZIERE & 315
DEL—HLTNWBZ ENERTE 3.

FRATRS R 2 & RANGE Pd O A B S EUER R PdO
ERICTH B0, O DENLEA 8%, Pd (1) DEN A
18%, Pd(2) DEUIEA 23% K T LT\ 5 Z LA 5 A
o7z

earest neighbor O
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[ 2

[

@ Reference point for Pd
@ N

[

)
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u..'i‘
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Fig. 2 Crystal structures and coordination
environments of Pd and PdO

18 - VPd(2)

PdO reference

Unknown Pd particle
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IS

0 0.1 0.2 0.3 0.4 0.5 0.6
R (nm)

Fig. 3 Radial distribution functions for PdO reference
and unknown Pd particle
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Table 2 Fitting results for PdO reference and unknown Pd particle

PdO reference Unknown Pd particle Coordination | Change ratio
Atom Coordination Qoordination Coordination Qoordination number of poordination
number | distance (nm) number |distance (nm) | defect (%) | distance (%)
(0] 4 0.203 3.68 0.204 7.9 -0.2
Pd (1) 4 0.305 3.27 0.304 18.3 0.1
Pd (2) 8 0.343 6.16 0.343 23.0 -0.1

42 RFEEPdDET) > 7
FHEE PdDOETY) ¥ 713 XAFS » 515 5 I 7= f@hr

WRERKIZZV S22 ETFLEHKTIUTOTIETE Z

Ko,

(1) BEHEGOR PAO OIS E T L2322 5 2 4 9 4
DL B ET I EBEBIER L 72 (Fig. 5).

(2) %2 7 28 Oiilidz O, wilidk Pd, ik Pd Ofid
N AEBTL S 2494 XL TTay b L
(Fig. 6).

(3) 27 724 H A4 XEWMMBREBBIZTT 4 v T4V
L 7.

(4) (3) THELNREE XAFS iR r» 55517
Bk D, BERITEED 7 7 2 244 ZAEH L 7=
(Table 3).

(5) BEHERURL PO 20 5 O IER K HHE (Table 2) % S Hif
fan k& & &k (Fig. 7(a)), (4) THENZ2 5 2
A4 X% Pd & KRIB & & 7= (Fig. 7(b)).

(6) (BT TR L M % (4) TRO6NZZ0D 2 T R
ZYA XNk B K12y 5 2214k L 7= (Fig. 7(c)].

(7) (1) 25 (6)DFIEICT X £ & a/RIBAEOH AL

—_

O Experiment
= Fitting result

Region of
analysis

Intensity (arbitrary unit)
O~ NMWhOON®OO

0.1 0.2

o 4

Fig. 4 Radial distribution function and fitting result for
unknown Pd particle

2762 atoms
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4 atoms

—

H
Fig. 5 Cluster models of PdO
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Table 3 Cluster size analysis results for unknown

Pd particle
N Coordination number Cluster
Coordination atom ) .
(experimental result) size (nm)
(0] 3.68 3.0
Pd (1) 3.27 2.1
Pd (2) 6.16 2.1

LI LY T 22 EFLEER L, &4 ORI %
fEFR L XAFS SR & T E AN E O % EE L 7.
Bk 25 28 A4 XDT 4 9T 4 Y 7IZIE T T AR
B A4 ZHIMNZ O L 2 B BN 3 2 K (1) & Fu 7z

0:Pd (1)
O:Pd (2)
0:0

05 10 15 20 25 30 35 40 45

Cluster size (nm)

Coordination number
o = N W A 00 O N 0

o

Fig. 6 Cluster size-dependence of coordination
numbers for PdO

o coordination number = 3.61
Pd (1) coordination number = 3.19
Pd (2) coordination number = 6.22

Upto1nm
(cluster radius)

(a) Base model (b) Pd defect model (c) Cluster model

(e) Surface model

(d) Bulk model

Fig. 7 Example of procedure for formulation of
structural model of unknown Pd particle
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Y=N-AxEXP(-X/7) (1)

ZZTYRKTLEOEN L, NIT/ Lo Ofehif, X &
U T7ALYA X, AL TR EE Y T A2 A4 XOBR
ERTRETH 5.

Fig. 612827 7 A2 EFLDORNKE 7 5 A 2H 4 XD
T4y T4 v IRERERT. A (D) ICKDENKE 2 7
A4 ZOMEHAN BB AR TE 5 Z &AER S Iz,

WIAEEORN S 7 5 A 2 ¥ 4 X8 T 5701
A (2) #FHW.

X=—-7txIn[(Y=N)/A] (2)

K (2) 2T 3R ZEXAFS f@#thn 55 L
EN A tENEAIC iiﬁ(l)b)%g—ﬂjbt/\—yx—
AERALT. ZORR, O OB EH» 5 RFEE 572200
275 ABH A X X013 3.0 nm, PA(1) & PA(2) DFECH
MO REE 572 PdDY T A XY A X Xpg 1389 2.1 nm Th
%7-% (Table3), 75 2244 ZEHAK 3.0 nm & % 5.

EF) VAIZEWTE, PAOREENELL, PADY J
ZAHPAZNO DY TAIH A ZLD/PNENZ Enb, &
FTPAdARBEXEEZLE L 2O HEHEYE PdO O
HWAHZ 2 X 2X 20 85z L, B Pdicx LTy
FAAYA X Xpa IZH UL B AMED Pd #XKIBEXE72 E
T, ODIFTAAHA XX IZBESITY azam%%
kot 72, #iZiiNs STEM-HAADF g
ﬁﬁé%%_bﬂﬁ,ﬁmbtﬁ7x5%7/aA_EE
L, KAHEE Pd O/NL 27 EF LG R E 7L D REEL
¥ Z % -7z (Fig. 7(d), (e)].

BoNi=r I 22 EF NI XAFS OEHHERE 2.5% LI
TOXET—HTIRYFEETFTILCH -7 (Table 4).

4.3. STEM-EELS it R
ZNE TOMHTIZ B TRIEE PAICIZTTRXRIER
T AZFA RIZK DA DRFHEE AT 5 Z L8 PR
Nz, —HT, Tho OFEHERREZHET LI L NEST
N D — R A WG U CHEER O PR R & e %
HEZ N b OL & UEf U SR T RSE R IZ d6 F S Il d e & L
72. EELS®O2XZ Ly 32 b—v g VIEONZ, FEHlE
DTOFIETRZ %57,
(1) Inorganic Crystal Structure Database (ICSD)» 5
Pd-O SROMEIE % EEdmH L 7z
(2) CASTEP 2V O 7D Ki#td EELS 2X2 b
EEHRLL 7.
FHELET G (1) TEEL 724 Pd-0 RO HAi g%
2X2X 25 L7 8fEND—D20D O T I2% 722
JL (Core-hole) ZXEA U 7= P RIFRME 2 582 L 72
filaz W72, G SMHE Table 5 1R L 72,
(3) EELS 2% FLOHlEE O K WD EELS 2 X

Table 4 Modeling results for unknown Pd particle

- Coordination number | Coordination number Changg rat.lo
Coordination atom . of coordination
(experimental result) (cluster model) o
number (%)
(¢] 3.68 3.61 1.9
Pd (1) 3.27 3.19 2.4
Pd (2) 6.16 6.22 1.0

Table 5 Settings for calculation of EELS spectrum
using CASTEP

Item Setting
Functional GGA PBE
. ) Checked
Spin polarized (Use formal spin as initial)
Metal Checked
Energy cutoff 610 eV
SCF tolerance 5.0 e”
k-point separation 0.04 1/A
Pseudopotentials On the fly
Energy range of core level 25 oV
spectroscopy
Instrumental smearing 1eV

7 PULVERFRS L7 EELS 2X2 FLOHFSIZEIL T
1%, RIFMTE TR RS 2 LR TFOBRAZEL T
L& 9729, HEICIZHDOERE &0, eI
THEFMOREL I 2 k> 2 %ICHEFIKTO 2 X
7 FVER # R ATz, 72, HlEBRICRFIZIROZEL

PR S NG ZIER AN LR HRTH 5 &%
AGHOER» SN TH L & LT

(A)fFon7-EBRAXRT PLEY I 2L - 3 VIR E
ol U SR i & o foctii & 75 5 Fs & Wt L 7=,
Fig. 8 IZARMIFE Pd O & A EELEIRIEHE (High-angle
Annular Dark Field:HAADF) 1% % /~r9". HAADF 1§37 1
IZHBI L TR E L 5728, PdD LS AEWIE
f#ffbfnéi%?ﬁ%@ SEE DN RO DR A3
KBEDONRHTH D, RANEE Pd i3 o ALOs 285 K5

WCIAFPICEAELTED, ZOHIZ3 nmBEEORKE XD
RTBEREMLEL TWE I ENERTE 3,

Fig. 912, 68 5N/ EELS 2-X% b L L —J5
PEMEIZL B2 EELS 2X2Z bLy 3 2L —v 3 ViR %
T U R R s & Tl U 22 8GR0 Bl & R 3. EERRER L
AN MUY I ab—Y 3 VOBRIIRIF A K ERL
7z, RN Pd ORI e AT 4 20 fEFo 5 B,
HIEBIR T IR ZAL L 72 6 &R %, Pd2O (5 &),

A/

Fig. 8 STEM-HAADF image of unknown Pd particle
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PdO (6 &), PdssO4 (3 fET) O 3FIZKANT 2 Z LHT
7.

AMBHZ &V, RAHEE Pd 1E 3 nm FRE ORI OHEAK
ThdrZll, BILIKEDRZL S 3MORMEEHA L T
WA ZENMHSNITH T,

4.4, ETIVDEYMEER

XAFS f#fi2> & RANHE Pd OHAL Y 5 2 4 44 213K
3.0nm T 5 Z EARE X N2, Zhid STEM-HAADF
BoEMENI=r 5 22DKE X LKL (Fig. 8).

F 7z, XAFS SR EFE R OVK I ITHEL 22 T 2
A T, Fig. 101289 & 5 A& Pd BRI O IR AT R
WMRTTAEL, ZHUE EELS TR 6 h - BirEE o iR e —
MUz, KEFNIEEEROFEENHES S XAFS &
[BArREEE #4155 STEM-EELS O#f&RD 2 Mlifis 5 3%
HEhTns, HEEZ PdO3IKILETFTILTHD. AT
T E, HFEHZO Pd idfh g PAO HAr 2 5 2 2 D
BIERER L ThBZ bz, ZD7D, )NLTD
PdO &idRa b, 75 2 2 BIZBRB AT/ L, BEOMA
DEGRIZCEZBADINETH S ZEHEETE S, £/,
BEEOMBIREZ JFTFE & LTAHL TW5 Z & & hfg,

T T T T T T T T
O : Experiment
— : Calculation
--- : Peak position

Intensity (arbitrary unit)

Pd,O PdO
Cubic (224) Tetragonal (131) Cubic (223)
Pn3m P42/mmc Pm3n
a=4.280 nm a=3.036 nm a=5.756 nm
¢=5.327 nm

Fig. 9 EELS results for unknown Pd particle

JR LR T I 23 26 B 7 il S5 i 1 2 F6 s TS EL% O Pd filt
A ERTEE R TR E LTHEALENS.

ZOZ X, WHEROFRE &S BUSLIIH B R
DEDTHBHMNPAO 7 7 2 2 DRFH I KO, Rk
ELUTHBOMBIREEET 22N & 64k % PAdADE
D002 THEZ L E2REL TS,

XAFS and STEM EELS

Pd,0

K

PdO (Main structure)

LB
B

Fig. 10  Structural model based on XAFS, STEM and
EELS

5. &

TG AGER L7z XAFS OfHR & IR AfiiE 2 €5
) VAR ENC, STEM-EELS ¥ X O —JH #E]
BIZXAEELS ZXZ Py I 2L —3 g VA HKRIEH
THRZELICKDETLORYEARIEL 2. ZOHR, B
—Hif TR L1 a2 5 72 a A0y EIZHHE X 7= KRS
& Pd OIS E T L 2T §TE I ENTE .

FKHMEE PAd 12 3 nm FBEOM/NPAO 75 2 & 5 6 1
EN, 77 ALNEBRLRENITCERBEET DI 205
STMHD Pd OBEALIKEZ RTkE L LTHL WA Z &
Wb -7z,
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