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Heterogeneous catalysis on an atomic scale

L Jun-Ling!s2 GAO Hong-Jun!- 1 SHI.Dong-Xia! Shamil Shuikhutdinov? Hans-Joachim Freund?
(1 Beijing National Laboratory of Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100080, China)
(2 Fritz — Haber - Institut der Max-Planck-Gesellschafi, Faradayweg 4—6, 14195 Berlin, Germany)

Abstract A basic understanding of the relationship between structure and reactivity is needed for a targeted
catalyst development scheme. Due to the complexity of real heterogeneous catalysts it is imperative to simplify the
problem in a way such that an essential part of the complexity is included, while allowing one to investigate the
catalyst system at the atomic level. Two models have been used, one is a metal single crystal in ultra — high vacu-

um conditions, and the other is metal clusters supported on planar oxide films under the same and also ambient

conditions.

Keywords

heterogeneous model catalyst, scanning tunneling microscopy ( STM) , X - ray photoelectron spec-

troscopy ( XPS) , Fourier transform infrared spectroscopy ( FTIR), metal clusters, oxide films

-]

F7E 1835 4, I BBl 22 K Berzelius gRERH T4
EH RS, RN R RESHIIRNYR, B
e LER ACHHATMARESHNS 5k “ 1
RE” “ULEE” 7R e R E T E A AR Y . B, 4
UREAREFFEE  EHNA, B REER
WRE EILES R RERBSHNAES B 5K
HEM A L BSHFES LRSS E. XEHERF
SR EEMIELR AL, AT ST BA E AL

PERE G EALTR.
REALHE ¥ BRI 0 B AL B b

) ERLEIL ORI ST B S R AR BURL. R
ORI R AL BE B R UEFLAR 57 ) AR AL B A S 26 4%
e A ARA R T ERBNEEAY LF
TRIFI A BUE. T AL ik R I B ek LA B X i
ERBZ I RIET- B, R ANTER 2 8 KL
RS R A R R LB A5 O T X
AR, 7E 1960 SEK , HEEEBRASEANEE,
MMTRETREELKERE, DEBRAS T H&
M T &R A REEL SR, XKML R T L&

HF ARPEES (HAES:90406022) | ERERERMPTER

Bt BEESHEAFR R B EE®EE
2007 - 01 —26 W BI#H,2007 - 03 - 15 K B E SR

FBIRBEE . Email: hjgao@ aphy. iphy. ac. cn

- 370 - hitp fwww. wuli. ac. cn Wi



A FFHREPEERET RS ORE, QFEREFE
MR R LRI, AfTE 55
%mﬁﬁiwiﬁkﬂﬁwﬁl&wm FEN—SE

LR OLRE TREAZRME, ki, —&
%ﬁ’imﬁﬂ:m AREAD MY RS RS
AR RN R AR A4k 70 B 7 i Bk 5% L B RRAE - B
LAY R S80RL AR A A REORE. JBURE I R T ER K
FREE LYE T HAR LM R R R A e B4 R4k
PERHB AU N 7 8 IR BB Y BRAE, Bl H
REE—ERE ERCRE S RBN A B F R, T
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BAECRIRE, B &R AUK R 4 BUE P VK
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B 50, R -YIE AR RE LT8R, K

T“P"%Ef’ék?ﬁliﬁl:ﬂﬁﬂfﬁl‘ﬁ Xt F _EwE R B

FREEALTRIEEY , Jn 2R BB X 81 By BR AT RAE 3K

58, RIMEREBSEERZ RN FRF LT R
SEREAL DL DL

3 SRR RBEMANER

XF&REAEANER BRTHRET LK
2R BN AR B F R E M EX &R AR
REHTIRALRAE, N\TTIRBERHNER. B EH
BHRESHERREHPBRE IS FEZ—.
B 1997 48, EE N Eal /NSRBI E A B
EBHEEXT CO 7£ Pr(111) M &AL SN T 74
BB E2 BRTREE CORE PPt
(111) - O RME kKb 2= B R F FE BT [R] 28 4L 0
0. ERBE T CO ZHI, L ERM AR TR (2
x2)-0 454, BEEH 0=0.25, GRS AR H—
MEF. EZXHABET CO B, (2 x2)-0 %
AFH(2x2)-0 + CO BMLEH, MENTHFHEA
—MRFETRALA CO 43F. AMTEE SR, X
LEBR M H Og + COg IR & 451430 B RN A )
CO, IRt . (AR FEM P IF B B
BHHEAEBRHXENER. NE 2(a, by c. d)
PaskE S, BATAT LUEM BB (2 x2)-0 +CO [
RAEGHAE M4 K BETRNRE, MBERAEHAR
AT B, XEFRNT, COg F Og Iy SN &M
BE AT U6 , FeFEE RN AT , BB R R R
B, FE CO B AY o (4 x2)-CO X BIMM. HjE
RS (DFT) HHEBEMERE T XML #ig
HEEI, A FIALA COg 53 F FITHEEHY Og K NE
AR CO, FERMRL.0 eV WEERT B, HKR, LT
BrOLB) COg 2 FRIAHSE ) Og JRF KB4 K CO,
EERROERLL2HE 0.5 V') JHEMBA
ATLAE H, TR COg 2 F RAFTERER, BT LU,
ST RE,CO WEARMAE 244 K RETE
BRI 1R ).

e R A R R 0 P AR S
HFHINERELN. BE RO T EEESES
BURES —FME&BBERL EXFERT,JES
B THEEAR T RES SN, &5
LSEARTARSHE FHN, BA B MRS
. IE4ER , Goodman /N R BRFE & B R E IR
48, 3EHASE RIFRE P B IR X R B TR E 1L
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2 BALFRMERETE RN P(111) RESMHEE CO KB+
R 15 L 0 JRAL STM B A, RSB 7E CO A EH R KU (2)
100s, (b)500s , (¢)1350 s, (d)1950 5. T=244 K, Pgo =5

x 10 ~* mbar(##§ B 3OR(15])

2 SEB0RREE R, 7E Pd/Au(100) F1 Pd/Au
(111) FifA R B, 440 0 35 BE AR, ZIB I 2
BRALEE AL B BB HH T Pd/Au(100) (KR 487
0.07 ML B}, AL R BB EEE 1.5 x10° s7, 40
& 3 Bi7R. Goodman % AAK , IRAHSR Y4B IE T3 2
EYEESROL, ML T, ASRE M Rk =KL
B4R B4R 26 B AR IE AR U AR M. Pd/Au(100) By
REMEREE® T Pd/Au(111), XRHEA, FE Au
(100) = E , IRHESPRO4BIR FIRIEE Y 4. 08 A, XA
BB AR B A F TR SR M 2B M 2R Z
BA(NBKMEE, HARH KN ZIFEMZRZER
EAWEER3.3 ). MR, E Au(111) XE L, K
FASPROALE T RIBE K 4.99 A, FIAHSR R M B9 Z 0 F0
ZRZ ERES WEREERE, FHl, B
BAh RASEREFHERLREHENENGE
MR KN R E MRS R,

4 BheREAAEE

EmAXSIEHRBM, T HERH
W AERFIMERESREFRARERE TAEK
RS b 7EX MR SR YRR R

VARLR 10
5o

0.4 L
|
0.0k

00 01 02 03 04 05 06 07 08 09 1.0 1.1
PAEI S R/ML

3 ZIBREREERE (VA) WL RBEEIE Au(100) F0 Au(111)
HE EWMEENTL. VA SREES KHBRETHEGKN. 2
B2 ESHEBSHN4 tor (1 torr =1.33 x10% Pa), 8
torr 712 torr. JERIAE] 2 3 /Bt BG4 B0 Pd/Au(100)
1 Pd/Au(111) BRI (HEHIR(17])

EE R ILARE 10 Mgkt P UUE R R RE
SR FREE AN . B4t , LB B BA R AR
SR R, BIERR L, RARDKILFE
s k" BAh, & RAKBRER
EHERILAGK.

B fEZE XA R R R SRR P, &
L MBI EREIE SN IOALE. 58, XA
Rk A 5k, A R ESR BRI F B
SALYGEH, IR B K, &R BURLR TR Y
ERERME S H&R R JBR EREHE X
£, Hodn 3 S TE AR SR T A B R BB S B 25
Fa GG ; BT , 4 TR IBURL G L F AR LA 557 L
B4R ME B NAEE R RRE
l34'][20] .

4.1 HiE SLWHR

HEEAYEERBA =T F— AhE
BERE:E =, ANASRE:E= EENETIH
&R(FZFELR)AEmBERE BIMEFH Cr,0,
(111) FRLE AL Cr(110) SJR S ARLH; R
B S A ALO, WEERFT DA S 4L NiAl(110) &
SEEHR . H5h, MgO HBR AT LLE S ERA
B B TUBUE Ag(100) &) EFE AL

B SR REANT T B, TR T AR
LR ALY AL B EERE. B T Si0, MERTERAL
Fsh g B R, K KBE R S0, ME—H
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BAMBAHRM—MEE, HETFEMLFERE
ESBAE. RIVMNUEERELLE 5 x 10 mbar
(1 bar =10° Pa) B R B, FERLIK Mo (112) 1B
% 850 K B, YA A% 1.2 ML f9kE, BEE AR E &
1250 K EFiRA 3 4501 BETKERF B
W AR AR B SiO, S fA ML &t STM, XPS,
IRAS SZI04>H7 F DFT Bt 8 , 85 18 i
B—Ahfa St [ Si0, ] U T ik i = 4 i % R 45
W, P RAENEAEFRRERETREAET 5
fr b, I 4(d) Bk, EAKHNE, BdEkER
PR B R, B E BRI K S0, M.

B4 (a) KEA KSR STM &, % LEED &
(RRE) , (b) F(c) M RT4 3 STM B, £ il )y DFT &
M (d) DFT SR, JHBHHN 75 om x75 mm, V, =2

V, 1=0.2 nA;(b) WHEHSHN 5 nm x2.5 0m, ¥, =0.65V, I
=0.8 nA;(c) EHBEN S5 nm x2.5 om, ¥, =12V, =
0.35 nA(#5 & 3CRR[19]) |

S 225 IR AT R Si0, M- 1 x
10 -S4 45 BBl T 1250 K 3B T8 K , XPS S A
Bl7ERE B A SR, B Sio, MR
LEED .STM E{g#R% & A4 @ Hit i H R
1, 7RSI SI0, T E i ABSMIEIRT,
AR T EEMER AR T R, RITE X
BE RS HAETRR S 1 ML A +40 Z5HE R (ML 35
BETE AR NMBRELFETREERTH—F,
o RFBLEET, WA S)™ , BETTHIL 1 ML A
ERLH 4 M EHEET

244,810, METEEE SRR, KA S FEEE
AUEE, ST R MAORER , 5 A
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e[ 111] 7 A" mERuis, — LR
BHRER—EGORE, S R _F B MR NE
R W Hop I T AR 2w TER
J7 i b O 5/ F e[ 110] J7 11 B I 62 4. DFT
BEISTHEA L, R AN R MR F A2
h, — 4~ EALREGOR R A 4 T LR R A
ﬁu@ 5 F)fzr——;‘[zl, 22] .

4.2 SBMKITRARE. ERMBBEYE

KRGS BOtTIRERER TREL S
P 4B VTR B S ALY SRR | B TR
B K TR R 4 R BURL. S0k BURL B9 R AL
BARS, 5&BRNEYHEBEMNHEEER RN
BEBREURZREREHENLR. Y BB
B, SRR SR E E R EENE
.

& 6 R27E 90 K #1300 K FFHEET , WH AR
BE R (A48 45 50 E R LR IR A K
4] AFIBETE 90 K 1300 K FRRE TRE
R B RS E. 1B R 90 K B, B4R 4K R
B A e AL S M E T ZE 300 K RHIULF
LERAED T B A IR BPE . AT, S5 6K
P& B BA B R R RS REN,
EERSKF LS HE A T AR T EMER AL
EWEL R NAE/ER. R, RN KRR S
ot 4B FE B R T E MR R, 7E 300 KIRET,
mFEMEETFSRRNEELERRS, BBz
PUEH AT BRI R I .

4.3 HEEBEHKFHLELR KRR

FEFAB IR R T4 &R 9K ORI R
Fgistnn b, FT—S ERPR AR KRR,
ot BB AR B R B Y. B R AR R
BA—AEZ TRREES T, EAERKR S,
RIS RO 2 BT AR R AR 4R HLE ARTE AR
BER B AT R AR R R A SRR BKE

Er 1998 4E, Goodman /)41 Bk Xt & 7 TiO,
(110) FE _E MR T BB BrIE™. 417
B, ME TR ERTE 3.5 mm AR, KK
REEMEE, WE 7 iR SRERR, BEHKB
B R T/ TF 3 nm( 2 300 MR ) B, SURL B
TS RAISE. (1N, BRI SRR
I B 4 50T L BIAL 2 V5 M AR IR SR TR A
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B5 BEEEMIEEREA LRI, Mo(112) RETE MM —% . Rk EURNKEHEY
BRI EHE. 0" WEEART. 6 LANEEE _SARBEEEH0.5 ML i STM B )5, T3 S¥0y 12
nm x12mm, V,=1.2 V, I=0.2 nA(H B 3CRk[21, 22])

0.023 ML Pd . : 0.022 ML Co 0.056 ML Ir

(®)300K

6 790 KF1300 K FFERET , 7 ALO,/NiA(110) A EYTBUE 48 .54 Sk VIFH & R 7 2578 0 1R STM A, B R+
37100 nm x 100 nm. JFLAHEZRFE 0. 1 ML/min §1 0.6 ML/min ZE (3B 3CE23])

T YK BRI Y SE F R ERMEAR TR EE BT HEMTR B 5, B CO fE M 7
HXR. FHEHSBIRFR YR AR R
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B7 ZE}0.25 ML & PRBIRZE Ti0, (110)-1 x 1 EHAK

STM B A, Bl A R+ 30 nm x 30 nm, 35 B W R R & B0k
BHBURRYS CO MARMBEHARTHXR. XEMHRUHE
SR SORX BN & R T SBERK CO, 4 FRMHRAX

m[24])

BT B, E 8 BA—EMBIE AN T3 H
BLEE Pd/ALO,/NiAL(110) £ 5 K IR )5 HLL5MK
WOEHTIR SR EF A ERMNATE, &
CO M BaNTEE M, CO RUGEHA T HEME
Bl FERRNJE, BTA X T Pd(100) B A A A CO
RIS 2R T s RIS AL FIALEY CO fhgr s
B8, YRR, BGE R FE R AR R X B, R T
EFBEERM AR, BERTE Pd(100) EHIH
R, NTIER R E TREHETHET CO
7£ PA(100) L AL R ORI, B4 T 88
R AL

R B ERR R AL R I B T B A RER
B Rk A AL R BLRY B F R AR AT RE
SREFBMR T X—EE™ . RRELETH
AREN D TFHRE, LKA B A 2P AR E
W52 B 4y 0 2 1 9 L A B R W ARLA B R A
F8 5 BRASYE (BRGE M7 L R KRG IR BRI 7E
3 B4 B A e T MR RE A X SRR AR PR T
R B O B SR ARk e IR S () b 2 %, R A
BBy sh S BRER AR L REE.

5 BETHREMHER(KEN LA
ZE)

Tt £ 4R S REATEREE R ELHE
B, Y RBNE RIS T TR, X
BIR LRI X R H 25 A ) R R HLERA SE A
YA S, B H R BIES WAL P . B
NETHEARE R RELANEE —MRRET
EEBFIRKETHTH. X TR AR,
BRAEES A THAMRNERTUEEER
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2150 2100 2050 2000 1950 1900 1850 1800 1750
e/ om

8 (a)@4IKBUBLIE AL O,/NiAL(110) WL b R STM
B4, R4 20 nm x 20 nm;(b) Pd/Al 05/NiAl(110) # R 7E
ERTREFE20 LY CO 1, RFHE 100 KBETREMNEE
MRS LT SN G 7 440 K IRET , S # 4000 L(1 L=1.33
x 10 = mbar ) B B Z AR , MRS VL SME RS BB 2 0
REFTOIRAZIR, *EHELR H PR AR 2 (5 A R
[251)

SIE MR T % 1), K F— EACRAE LR
SRR LR ) AT SR
AL, W RAT. &R % RATERIGHERT , B
AR AL AL I STPERSUE TR
BT ER AR, £ B R TR AFN R
PO S T BRI SR AR L 2 AP
B EAWNT. KR RT, WE T BRI ER
ML R T HREHR T B0 B AL A
RuO, , 00 72 SR A0 (44T IR B0 B — ALK
T AR 20 53 o AR B X 3R T Y SRR T 2 RuO, TR
BHES AT R A AL (XS NEE R TR
ke

kS RAKTRAE L BRI T B S
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W IR, B RREARE 4 et

gap) [F1RE. JRAZER A, [0 i i i i
BB T REMM T 1 59 %
STM“ 8 B P S 1E O ) [ B0 £ 100 B
X5, AT DAEREHE [0 0 - S R )
RO FESR A3, S R F0F0 1A 17 Ostward ripening
B, BN E AR/ NGRS b i L g SRS
WCAEY S TE TR AT - Sy B R B S M

| [ITEEELT
srEY

<3 S L

2 {H %,

G YRR Ostward ripening £ LA A7 af fE 5
EEBEEN RER.

PR R o e
ST

H9 ZEFRSEAMEMHE oo 1ML s
TREECOMO, WBASE (11
K. ERBAFIH(a) <1078 mbe:
10 73 mbar, (d) 1.2 x10 7 mba-, ( «!
10 -3 mbar; (a)—(f)STM 393 = £ 2
4.0V, 1 =0.1nA; B(c)iiim
nm, V,=4.0V, 1 =0.1nA. 7%+
BB ARWE R ;A XA B BRI 1l F b I S el
SHRTE (R EIXR(29])

6 4HXiE

&R B ARAL IR F 4L G W Fk R ] e
RIFAERFRE B/ T ro i e 2 m i st
KA TREB A ) Pl il
K FRAEARAL IR R DL B HLEE IR i 5 A
—FRATRE. SRR [0 ﬂr.-‘e i T H LAY
AT B BIRIE RS (2 ufar L B
FINR,XTF CO BIEALE 1, &l e i g e r|
REFIERIA R RIE . %E'nl'ifii'-'|'=!|-fi'_¢% o
KRN B RE AT s e [0
M8 RS FRF *t"“lrJ‘” il 4, dee e
i e i A W £ T L A R R e o
IR BB AL YAt XA 1] (10 0 (R o B Al
SPERT, AT ARRE LG 111 bl 2 M I L
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