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Elucidation of Deterioration Mechanism and Improvement of Durability for Lean NOx Catalyst
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The exhaust gas temperatures of diesel engines
have been falling gradually due to engine efficiency
improvement and body weight reduction. Thus,
an NOx aftertreatment system that has high NOx
conversion at lower temperature is required for these
engines. To meet demand, the development of a new
Lean NOx Catalyst with a new De-NOx mechanism
has been carried out. However, it has recently been
found that Lean NOx Catalyst has a durability issue
during aging in an actual exhaust gas environment.
The deterioration mechanism of Lean NOx Catalyst
was clarified and durability enhancement of the
material was conducted. As a result of an analysis
using a combination of surface analysis and ab-initio
calculation, it was found that the sulfur in exhaust gas
was irreversibly adsorbed onto platinum in the form of
sulfate, which reduced catalyst activity. A new Lean
NOx Catalyst that has high durability even after aging
with exhaust gas was developed by improving NO,
adsorption activity and NO, reduction activity, which
had been degraded by sulfur poisoning.
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T4 —ERIY OV BEGIENEN L S ERIRE T Y
VVYELTHETHZA, 72D ARHK, FKINZE E Dk
LW 28l & 2 ) 79 5728, EtEiEr D@ i bk
7 A BB KD ST b, FHZ T 4 —EL T v D
Y OYEHT ZZBFERITFI () —Y) TH B Lok
A OBRIEAY (NOx) D LARETH D, 2 E ke
NOx #t¥ Z 7 A MEE ST 5 (Fig. 1).

ZO—DIZRFZERM NOx #{t.> 2 7 4 (Urea Selective
Catalytic Reduction:Urea-SCR) & % (. 2) Urea-SCR
IR Z T NH; BEPOEICHIE T NOx 2 iL§ 5 &
2T LTHD, @ NOx #LERER S5 s. LarL, IR
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FHE VR4 v 2 8 EEDBIMTINA 22k B
2T L3 2 O, EEENA EOFER, IREAK»S
NHs NOZHD 72D I H AR DMK & 3P 2D
FRMPBRETH D, BT ZOREE 5 5.

System configuration Equation

Urea

4NO + 4NH, — 4N, + 6H,0

Urea- | HAs 6NO, + 8NH, — 7N, + 12H,0
SCR 4NH, + 2NO + 2NO, — 4N, + 6H,0
SCR Catalyst
Rich A/F rati Lean:
I ratio NO + 1/20, + MO — MNO,
AT Rich:
NSC MNO, + 2CO — MO + 2CO, + 1/2N,

MNO, + 2H, — MO + 2H,0 + 1/2N,

NSC Catalyst | 9/oMNO, + C,H, — 3CO, + 3H,0 + 9/2MO + 9/4N,

Fig. 1 Conventional NOx reduction technology
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ZHIZHLT, BIFNA 205K A Ty Y T
Y AT LTH B NOx W filiE (NOx Storage Catalyst:
NSC) ¥ ZF AW XT3 @D NSC v 27 41
PEAH 2> NOx &N D 7L 4 ) + 3G I8 25 £ OFk
WS X R, )y FEIENC &0 —BRILRFE (CO) R RAbA
F(HC) & EDRICHI & 72 B PEH 2 & 2 4G (V) v +
A4 ) FBH LT, WX T b NOx 370 Lt
T5. L2LAaNE, NOx gtk LTEIZHWS AT
370 SR, NOx 2 WiE§ % 7281249 300C LA
FOWENABETH D, KRS OB LREE S 5 121
L OBEGBAEMHTIHERH D, T2 AT 5L
W RED D 5.

VAR, TV Y VRO R kiR I & D IRIREL
PHETIZONT, P 2AWEME T L TEThD, Eido
& 912 Urea-SCR ¥ 27 4 & NSC ¥ 27 A3V Th K
IO R ICEREA B LTV B Z &2 5, K255
WFHbLHEREEF L, 22K X PO NOx Ly 27 45
RHoN TS,

ZHUZX LT, Honda iZH LWt v &7 b &2 w7z
K2 & @O LR 2 F8 35 ) — » NOx filtit (LLean
NOx Catalyst:LNC) v ZF 4 44EL T35 %, Zo
LNC ¥ 27 &3 NSC ¥ 27 4 L RRIZEINT /34 2D
EhnL, VyF A4 2 #HWTNOx 23t 52 %
FALTH B, NSCIHMEETO NOx FHLIZFRE» H 5 D
12 LT, LNCIZ#H Ly NOx B 2 7 = X 202 X D (K
TOHLMEREE KE L BTN 5.

—77, BB S 2 P 2 BB IS B 1 B i
IMERBR XN, LNCIZB W T &AM HIE S HETH
%. LNC Ot AM: #1320 C, PeH 2B Fcox —
Y ZIZBEWT NOx WLHEREDC T A3 & 217 - 72,
7 20, AW T LNC OB K O & b3 T3
N2 Z DUEERIRIZ DN TIN5,

2. LNC D4 e AMEDRE

2.1. LNC D4#%
LNCIEH LWNOx Hb A = X A2 X DIKED S &
W NOx $HbERE A R IH 2 ¢ H 0, BEHTZ D NOx

Bk A 5 = 2L L AL IZ DWW TG L2 ). LNC o
NOx ¥l 4 71 = X 4 % Fig. 2 12/89. LNC i3 NOx W&
TCRERE A 09 NOx WM RE &, NHs EHOETCRRE % 5
XX T4 PEO TG THIK S, TOTJERE L OEREE
FPEX 5 Z & TRIEMIZ NOx 2 bT 5 X =X L
HMTH s, £ — VHHIZ NOx WEMIEHRO Pt ©NO
ZNO I L, 2D NO; & NOx WMz & 5.
Z D%, ) v FIHZ NOx Begi#4 7 5 i L 72 NO, 28 Pt I
TNy FE NH IZEW S, No iZ 20 F FHEH 2 55
NH; i3€4 74 FETHUOME Sh, 20HD ) — VRIS
YA 54 MNEDNH; TNOx #i{b+ 5. 72, NOx W
M2 5 @0 NOx IREREA T 5 ¥ ) w7 4 (Ce) b
BHAEFNTOZDICINA, IKWVIRE TS NHs EHGEITA A
HAYLT T4 PAHHLTOWS, 20 &5 % NOx b £
A=A LI2& D, LNCIEE A & @i b e % F fEi 4
BT ENTEELEMBITH B, ERDNSC & LNC Ot
Bt % Fig. 31R§ %, 72, 20k = ORRBRSM
% Table 112”3, ZOER, NSC I LIERED B — 2 23
400C THBDIZxL, LNC 2 250C TH KR TEW G
{EVEREA A L T3, 2D X HIZ LNC IE#H Ly NOx #Hb
AHZZLIZK DK S &V NOx B bR 2 F 4 5
filflEs 257 L TH 3.

22. FHII v a  HBRICH T3 NOx BEHEE)
LNC ZHW =87 2ty 2 57 2 DMK % Fig. 412
N RV 2T LT Y Y P AE ISR (Diesel
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Fig. 3 Comparison of LNC and NSC in NOx reduction
efficiency
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Fig. 2 Reaction mechanism of LNC
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Table 1 Model gas composition for LNC and NSC
Lean (55 sec) Rich (5 sec)
0, (%) 6 0
CO (%) 0.09 2
C,H; (ppmC) 500
CO, (%) 6
NO (ppm) 110
H,O (%) 7
N, (%) Balance
GHSV (h) 50000

Table 2 Model gas composition

Lean (55 sec) Rich (5 sec)
0, (%) 6 0
C;Hg (ppmC) 0 4000
CO (%) 0 1
CO, (%) 10
NO (ppm) 200
H,O (%) 7
N, (%) Balance
GHSV (h) 75000

Oxidation Catalyst:DOC) & iy 5 1 — ¥ 85 4 F 2
L — b7 4 L& (Catalyzed Diesel Particulate Filter:
c¢DPF) #BlE L, K FAEIC LNC #fFlE L7z, DOC I
& CO, HC %t L, cDPFIck ¥4 4KF%E 2L T
LNCIZXD NOx 2t 2T L Th 5. KA 2
by 27 LDMAEEWEET 2728, ==YV 7 #%Ofl
BMAERNT, USHOZI vy s VilBRE—FO—D2TH 5
FTP-T5 12k 3HRELI v 3 Vit b Z ko7 T—
DU BAY AT LRI YD VPN ZAWE TICEE L
LNCHEN—ELE Xk 1I2avyita—LLTBI%kS
IV UH ATV v (R Vv —U v ) &, B
ADHEENGET 2 7-0EXFEHNTEI A>T -V
(=N IT =DV )DO@m) DOFhEEH G o0
TFHETI -V U 2E L HRIZE S 5 % 120000 mile 1T
ICHIY T BEERTE L, £ - -V YV TrDH A%
PREIEE 10%, K 6% & L7z,

NP R U/ e AV A L U 1))
FTP-75 € — FiZ¥F % NOx P28 ol % Fig. 512
NT. =T =Dy NI RAEI A 58 200 B E TO
HERSIF DI IRIE NOx B SR S s odiz i L, = v v

Close coupled Under floor

Engine H DOC

Exhaust aftertreatment system using LNC
Engine: 2.2 L direct-injection diesel, close
coupled catalysts: DOC 1.0 L, CSF 2.2 L,
under floor catalyst: LNC 2.0 L

LNC

Fig. 4

VI—=V Y IIEEE - FARRICHD NOx BRI A H 5
N7z FRZ, Fig. SHORHITRE NS ) v F A/84 2
NOx HE A L, ZHidY v F 254 7 BRICBE A2 5 i
BEL 72 NOx A Hric @t S e ic P L= & o & g &
, Uy FHhONOx HLHRESME T LT3 &eE A 6N
5. %, TV Y I —Y Yl 1600 RO EHE
1242 ZFHEOEONEIZ W T S NOx JEE A 6 h
Y — D NOx EMERER IR P LT3 & F A 65N 5.

23. EFIIVAXRARIC L RIS

WIS, D BALREZAIEIZ T 5720, TI v v a v
ARERICHWZ LNC 27 2 P €= 212N L, HORIBA %
ETIH ZREBEE & O T LR 2 5 2 & - /2.
BT H ZRERE T 1+ — XL e 2 A L - e
2R EL, V=&Y 9 FESFA T LFEDRL, ZD
Vg hE NOx $LE & L=, 74 2 RkEifi$E % Fig. 6
128, %72, Table 2 122 D& & ORERSEM 289, #in
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Fig. 6 Comparison of NOx conversion between thermal
aging and engine aging in model gas test
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Fig. 5 Comparison of NOx emission profile between thermal aging and engine aging in FTP-75 mode
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Table 3 Performance in elementary reactions

Therm:al aging Englnoe aging Material Model gas composition
(%) (%)
(1) NO oxidation 52 68 Pt NO 500 ppm, O, 0.5 %, N, balance
(2) NO, adsorption 75 45 Pt, Ce-compound | NO, 500 ppm, O, 0.5 %, N, balance
) . NO 100 ppm, NO, 100 ppm, NH, 200 ppm,
(8) NH,-SCR 71 69 Zeolite 0, 6%, H,0 7%, N, balance
(4) NO, reduction 98 32 Pt NO, 500 ppm, CO 1000 ppm, N, balance

TR T 80% LA LD EWELREAFEN TS A, = —
VUIMBNIE S L EFLERMET LTV S, R, TV
VY=V v O EIZICL, 30% 25 50% £ T
WL THBDBEAE LW, 72, NOx % W £ 72 13
T 544 TOMBIIYET 2R OREENERT S I &IC &
D NOx HHLVBEPME T 5 Z Db o TWBE I END,
IVVVI—-VUYIMEEICRLTY v FH X E 650C T
10 Rl & & T OBEHLE 2 B 2 2w, (KL &
NOx ¥ LPEBEA MTE G 2 2 & 5 2 & JHNR7z 7 OFER, &
EVEBEIIRIEZAL S B 5 72 2 L B, — R AR ST
IZkBBbTRAEVEELLNS.

IheDZ S, LNCEZ Yy Yy =Yy 7izkD
BN OM 6 2O AERIZLD, V-vBXU
oy FOMADNOx FLHREDIK T2 lEE 5 Z L2 h
"oz,

LNCIEWL 22 DEKIBDOMAAHE T NOx H LK
BT TEMBETHZ IS, TV VIV VY
il 4 —~v LT — v v Iz ONT, LTFOR (1)
POoR (4) DRKBIZHIET 2 ETNH Ziklid kI Xk
W, EOZERIBOMRESME T LT 24EEL, Z2hhie
OMEHIEER T % 5 & N7z, iERAEHR % Table 3128
. ZORE, X (1) NOBLKIEE, & (3)D NHs-
SCR RIBIZ 2D I =2 v ZI2h W, IZIFHE%S DMk
Tho7eh, R(2)DNO WHEKIBER (4) D NO; EIT
KIBiEzy oy 2 —v v iz TR F2AAS
Nz, ThoOWRRICBEBRT ML LT, A% (Pt) £
ikt ) v A (Ce) RMEL, & 2 idi 7 OBEBEIS T 23R
B X7z,

Lean phase
NO + 120, — NO; NO oxidation (1)
NO; + Ce-compound.is = NO; - Ce-compoundis  NO, adsorption  ( 2)
NO +NO, +2NH; = 2N, + 3H,0  NH;-SCR  (3)
Rich phase

NO; +2CO — 1/2N, + 2CO, NO; reduction (4 )

3. LNC O ALREADAEER

LNC OFALIFEK DD 7212, BEREIK T 2R & h
7z Pt & Ce RMBHIN LT, Riio#ic & 2 RN & B
AT 2153 5 720 OB —FBEH R A2 W JEREY I o
L= avEBIhot.

3.1. KA & 2 HELHRERERA

PIDHIZ Pt & NOx M TH % Ce RMBDOELLDF
AP, Pt Ce RMEHE, BUZ X > TR TEEENME
T UHREME T 9 2720, BEROIBETH 2 M5 EOHl
% X #EHT (X-Ray Diffraction:XRD)IZk W HBZ k-
7z, ZORRE, T FREIPtE Ce MBI E B S S, H—
VLI =DV TV VY T - v sl TR %
DL R, T—V YV ZOENVIZLBEFIDZER I/
WZ Db ot WIS, Y AP DK Th B (S)
EV YV (P)EEDERIC K 2 HmHILORELTNZ
VOVI =DV IMEAND S &P OEREEERLT
5720, ST T X FHASH (Inductively Coupled
Plasma-Atomic Emission Spectrometry:ICP-AES) % ¥ Z
Kol TORE, S120.02%, P13 0.02% TH D, E
ELVY VA ANIHBRDP SIRET S Lt km ETT
OEMEEICHY L, MEOEMETH S I L2 br >
7o, L2 L, EDOHERER 32 & 5 FEE DN AISHEH LT
WATREME R B 5 728, Pt & Ce R BIO BT 7y DIREE
ZDOWCHES B I ko7 TV VYV I —V v rfilico
W, FEENEEE T-PEMSE (Scanning Transmission
Electron Microscopy:STEM) Z W =512k Pt ki
T & Ce RMERIFAEFEEL, ThZFhORFIZHLT
I AL F =55 X #2570 (Energy Dispersive X-ray
Spectrometry:EDS)IZ K 2 ICE & 6 Z 2\, #id
B2 Pt & Ce RMBIDEDERTITAFHET 5 2 2T L 72
EDS O#ER % Fig. 712789 . Fig. 7(a) ® Pt Rir-icxf4 5
EDS AXZ PILIZHNT, 2.3 keV HEIZSOE— 27
iiehzZe &y, Pt& SEHGFT2ZEbr 7.
L L Fig. 7(b) ® Ce AR T 2 51F S 23 2 h g,
Ce RMEE SIFGFLAVWI EBbh o7z 2D &
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5, SEPtRTICHLTHEL TWEZ LML MTL
D, S PtRTRANSERIIZEE LT EHEHIL 72,
S A Pt R FRMNIERMIZIEE LT84, Pt
FOEMROMOIK TR PREENS. 22T, GEOWEE
KM EMEST 5 FETH 5 7 — ) DL WWARN 5k
(Fourier Transform Infrared Spectroscopy:FT-IR) % [
Wz COMERDIE % 5 Z 5\, HLIZ & 2R R
DL E N FORER%E Fig. 8 1287, 2090 em™ HE
DE =2 M Pt-CO DEFH Y — 7 IZRIE I NS, T ORE,
BTV VLT, Ty vy —v v o
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Fig. 7 EDS patterns of catalysts under engine aging
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Fig. 8 FT-IR spectra of CO adsorption
Temperature: 300°C, gas condition: CO
1000 ppm, He balance

BIE Pt-CO DWF RN B-TE D, PthiOFEME
FRFPIRD L TWBZEnbr o7 Bl XRD D4
PR & D Pt 7RI, 20T —Y v HTEs
BWZ e PtRTFOREIRMEEEELIONS 729,
ZOWEMERBROWM T S 2 Ptk FRImICHEL TS
ZllizkdtneELONS.

Wz, Pthi &l FI2SHEDX S BBETHEL
TWD % HNRD 7280, Kk =FE O RS FHT 2 X BRI
P EERE S (X-ray Absorption Near Edge Structure:
XANES)f#ric k0BT 5572, 52 LOMEDDL, 5
TWBHifb 7L > 4 (CaS), HREEA LT ™ 4 (CaSO4) &
DUE»PE L VY Y-V Vv IMiIc G ENn s S DR
% B Z %572, S K-edge XANES Z-X2Z I L% Fig. 9
WRTH, TV VYTV Y fildiid 2.48 keV FHTIZE —
o by TEES, CaS0, DAY FLEFHPILTWBEZ &
76, Pt K72 Lo S IZRBIE (SO, & LT L T
5 e A

3.2. 5—RIPEHHEIC &L 3 H{LRERRET

HiffiD S DUFIREIZ DWW THERICHEET 5 72912,
Pt & SOMBICHL THE—FHEERE2L I 5 -7 Pt
T 12 75455 Pt 111 AT L A-FKE B, K
AL (SOx) —43 1 (S, SO, S0z, S0s, S04, SOs) % Wi
EHZE'TLEMERL, R (5)D&d ERIEX Ble LT
SO DEA)IZH T BWE L Y Z Y — & LEtEn gL
LTt a2B 2572

Surface Pt SOZ -gas + OZ-gas - SO4 -adsorption on Pt _AH ( 5 )

ZOGIZE > TROENBME LY 4L — (AH) B
INEFEE PtAND SOx DIRERENLETHHEHLD
N5, ZOHEMERE Fig. 10 1R T. £7-Z DO
f#% Table 4 IZ/RT. ST 2 ERIHT (0) DAY A
T EF T Y AN E—T/h&E < 2D SO, ThvhE 7 5

Engine Aging

Normalized intensity

Caso,

2.46 2.47 2.48 2.49 2.50
Photon energy EP (keV)

Fig. 9 XANES spectra of various samples
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Table 4 Condition for ab-initio calculation

ltem Contents
Program D-Mol3®
Functional VWN (LDA)0. (1)

Basic function DND basis set

Inner core calculation | ECP (Effective core potential)

Pt (111) surface with periodic

Model boundary condition

721% SOs TIEHUBMLZZ. ZDOZE25 PtAD S O
FL SO, DM EREL TR DR Eh. £
72, gl LT CeOy EAD SO, DEFL Y 2 LY — IR
LT3, Ce0: KD E PLtADIFFE LY XL E—DJH
INE L, SO41F Ce0: & Pt DIESITHL WG T B Z A
R XN ZDOZEN5, Fig. 612\ T S AP %
Fefiti UC & WLMEREIZ I 3 o & s 0 22 KNI, Pt
D SO, DWmHHNRETH 572 S BBHEL B 572720
THO, Pt D SO KBH8ET 1 — ¥ IL OIS I
CBW IR AHLeELZ 6N 5. B FHHERIZ L
DN Pt B SO, DREAIRRED A 4 — VX% Fig. 11
12 F. SO D Pt NOWREIZ = DODBEI T2 = DD Pt
JHFEZNThHALZBRETHEZ 6, SO —FF
TPtRMO -FTA2HEET 57720, PETEHET TS
WEHEREI NS,

20
0 l._—l L T 1 1 L

Enthalpy (kcal/mol)
&
o

-100

-120 |

-140

S SO, SO SO SO SO SO

-Pt -Pt 2-Pt 3-Pt 4-Pt 5-Pt 4-Ce0,

Fig. 10 Comparison of adsorption energy among
various sulfur oxides on Pt and CeO:

Fig. 11

Image of SO, structure on Pt surface

KT K OE R ROMBREBRELTERL D
&, SR E L TEMELL S, WHNTH B PthiT
D% S04 &\ RE LW TERETH AT S Z &, T
VOVI—=Y Y ZIZkB LNC OMRIKTOBEREE LS
ha.

4. LNC DLk

41, HERHRDEZH
LNCRTYyYYyT =y 7IickD, Pth SO s &
NTHIT DT DS NI -7 FEPEE, S Pt
RIHND SO, DA RREIZET ) FIN LB SN T &2
5, Pt kO SO #aEAREMHIT2 Z LIdWEETH % &
B Z, SO HaEIC K A BWEEIH N D EE /NS T57200
filiEe B A4 SR A 7. 23T SO, HAIC K D EEREME T L C
W RIS, X (2) D NO IERIBE X (4) D NO2 #IT
RIBETH-72Z 25, 2o OBEEIIHT 5 SO, #i#D
B AT 5 SR 2 BET L 72, Fig. 12125k L 720k
RED LNCIZBIFARIBA A= XL &md. £FY —vih
D NOx W KIBZ B W T, a2 72 Pt T (1)D
NO 2> 5 NOx N FUBIFHEFTT 2 23, Wag L 7z SO4 57 143
By & 20 Pt &l LD NO, ORB#EI2HE S, X (2)
D Ce RMBNOWEFE KIBOHREME T2 E L 6N 5.
%72, NOOETTMIBIZBWTER UL Pt LD SO, 73 T7D
FAECED, BEEL 72 NO, R CO & EDBRITIEH 24 Pt
DOEMMIZWE LIZK K EoT0n37=8, X (4)DNO, &
CO OBILIEHHETETIZ NO: PR X B LR XN
5. 22T, @A LNC & LT Fig. 13 D & 5 Zhpk %
WMatL 7=,

Ce compound Ce compound

NOx adsorption NOx Reduction

Fig. 12 Reaction mechanism of initial LNC

NOx adsorption NOx Reduction

N HC
9 co N
o, NO o $sz, :
g = \) /‘
Ce compound
[ Pt YL
AlLLO

273

Fig. 13 Reaction mechanism of improved LNC
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FTNO, IWE BBV TIE, NO, # Pt &fi» 5 Ce
BMBANNPIZZ L = DB S L0 HPERTH 5. Pt
KA HATH 554, Pthit e Ce RMBORA & H
NN TAIR L 72 NO2 1E, Ce K& CORE)PHEE
BRL, SO KO BEZHE S NS RN EL & 5.
ZD1W, Pt &A OO & 5 IZHHIC Pt P&
WX 5 T Ta L, R L 72 NO, OFSEhEEE 4 78 <
T520IC PtRiF2MR T LI ZEARBORA v
FEeEZOLNS. Pt AT 28k LT NOx IEMT
b5 Ce RMBHAE VTS, EEAET LT (ALOs)
ZEML, »OZOMHHEOHEIAGA2EDSZ L TPtOM
KWtz ik A 7. ZORir{t#Rk4Es STEM CTHEREL 7=
FERAE Fig. 141087, ZOHHE, Pt FERFEIE ALOs
RAFHEOD 22 nm 1253 L, ALO; ZfifI L 7= & %13 8 nm I
MR T T 5 Z ENTE .

WIS, BICHEFIZ B W T Ce BRI 5 B8 L 72 NO,
AEEGEETHRICINIE S LI LV EETHS. 22
T, WILRIG AT X H 372012, HEBOPTEEEL

(a) Without AL,

(b) With ALO,

Fig. 14 STEM images of initial LNC and improved
LNC under engine aging

12 kIR A AR L vwa Y A (Rh)ICEHL
7z, PR IRRED Rh ik Ce SRR & DR ABEMIS 5 72
W, Ce RMKID BBEHEEL 72 NO, 28 2 & — X2 Rh B~
BLTRIET S Z L aReLffisi e b, Fig. 1512y Y
VI -V V%D RhALO; D STEM %% /RY. ZDFER,
RhidH &% 2 nm ORI FIREZ MR L T2 2 &2bn»
D, NOx =34 2 M VBT A I T & 5.
ZORREMERT 5720, NO, &£ CODETFIFH AT &
AW A B Z v, WHREAREAEL 2. ZOMRE
Fig. 16 {287, Pt DAD LNC DY —v LT —2 v 7 %ld
250C BE» b Emniib g2 L 2208, =y v v —
UV IH TR 400C FE THLERES B L Tl D, K&
SWHEMETLTWBZ EMnbhs. LaL, Rh &%
L7ZLNC TRV —v LI =P VI Lty ryr—vy
THTIFE AL ZEN 5L, KRR B EWOIEES S 5Ty
5. ZOXSIZRhOBIMICED, TV vy —U vk
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Fig. 15 STEM images of Rh/Al:Os under engine aging
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