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Figure 1 Schematic illustration of catalysis principle on solid surfaces. Yellow dot lines indicates reverse reactions (color online).
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Figure 2 Schematic illustration of catalytic performance-active site-microscopic structure-macroscopic structure relation of solid catalysts (color

online).
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Figure 3 Schematic illustration of structural complexity and heterogeneity of solid catalysts.
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Figure 4 Schematic illustration of model catalysts at different levels (color online).
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Figure 5 Approach and target of catalytic surface chemistry studies
based on model catalysts from single crystals to nanocrystals (color
online).
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Figure 6 Schematic illustration of oxygen vacancy-controlled reactivity of hydroxyl groups on FeO,(111)/Pt(111) model surfaces [29] (color online).
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Figure 7 TDS spectra in Ar of isothermally-reduced CeO, rods (r-CeO,3,), cubes (c-CeO, 47;) and octahedra (0-CeO, o¢) and their photographs

before and after exposures to air [36] (color online).
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Figure 8 Schematic illustration of oxygen vacancy-controlled interfacial reactivity of hydroxyl groups of FeO,(111) at FeO-Pt interfaces [38] (color

online).
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Figure 9 Schematic illustration of proton migration-interconnected elementary surface reaction network of CO oxidation on Pt-FeO surfaces [42]

(color online).

R A FIP-FeOF LT _FAN R 0 /R MIEIE. %4538
ShH T R PR EATAE R &8 - A AL AL COS
SN LB ) 56 B L

IR R R G T AR ] E YR T
PRI N RE NS TR AR TH R AL e
NEA BRH,O, A S A 3R TH Sk B 14 A7 75 B8 J=) 34 1)
RAFRHEE oK I R SETE, T I HoAth s B IE,
RS s b AR H, PA KRS 5 CO S B AE -COL 5. H
BRI IE, FAENYIRTAG G AR
T K R L= 2 —, DR I AR A A 2 T S B ot
AR R 5L AR K ROBE ) JR S8 A ) 2 R )
H B A& . A A2 TRk B 4 ) R THT P2 2 f
MRS BIME & IR 7 5 KoK/ R A it
SRS A [ B E A SR T COR e Ak =
Ry IR To A S R BLEE ) H AR A 1 4
SR S SEATLER R B A, ARERL 1 3 T SRR B X R Ak
AR AL 2 BB [F I RATIR S MR T
SR i R L AR T AR A A B A7) 2 T
FAFEED PR SRR T AT IR

5 SAACYREALAE F i 50N

AL B R AL TR K 2 M S A
6, R T M TR TR P e S T
ORI ST R 2 B TSR A9

BT B IOR/ R TR P v S R R R A
V%, AEU) 2 25 R S [ T PR 48 A 47 B o A R 4 A,
FUAFTE IR HE. DR M2 4L 70 B R B T A TR f
A TR 58 S8 A 2 4 A 3 THI A0 27 o THD 250 1) 3 e 218
TEZ) — AN K A R A AR D 50 S A D A
A AL SR TH N TR T HTd A, FRATTBASL )T di &
Cuw, O K i AR AL, KRG T AFIESCu,0
YK R T S AL ERE, BRIE R T Cu,OfE fk
A FH (1 e T R

TATE BT B — B Cu,O 5L 77 78 (e-Cu,0)
PVP{R 1 Cu,O 1E J\ [ 14 (0-Cu,O-PVP) AT B {7 37 ()
Cu,0Z &+ 1A (d-Cu,0-0A) (KE10)*. 0-Cu,0-
PVP Flld-Cu,0-OAZK iy 2R T -3 77 T Hop A & i
AR K. AT R & T ¥ hl | A 7%
B 22 B3 0-Cu,O-PVPHIA-Cu,0-O A4k 5 2 THI AR 4
FMBLERE LS. WARRIR IS MAAE, /8 T R
TARY 1) Cu, O 1E N H 4K (0-Cu,O) FIZE T+ i #4
(d-Cu,0) (K10)**). Cu,08 T &, Hitte-Cu,0
PIK B T6N {100} ST, o-Cu,OHK i B 81
{111} 418, d-Cu,O98K & 5= 5% 121~ {110} Sh 1.

FATIR FH VR T S R0 2 TR B/ B S 56 A 4
(T EERFFE T Cu,0{1003 {1113 AT {110} % 1 1Y 2
ZER. PSS AN E 1R Cu,OAHCu(D)
FOZ 2 B ATPUECAT, Cu()-ORJEEK/21.85 A;
Cu,O(100) & THi 5 /M2 52 75 B A58 8 TF(Ocys), 26—

1083



M R

Bl 10 Cu,037 )5 (c-Cu,0). PVPIEH Cu,0 IE J\TH 14 (0-Cu,O-PVP). I ER 47 11 Cu,035 T + i #4:(d-Cu,0-0A) . K
TE A7) B Cu, O 1E \ T 14 (0-Cu,O) I ZE T+ — TH 4 (d-Cu,O) 138 HEL 7 B A0 I L 38 5 e 1 5 s PR R e [X el iy o P

(48 FRORZ )

Figure 10 SEM, TEM images and selected area electron diffraction patterns of Cu,O cubes (c-Cu,0), PVP-capped Cu,O octahedra (0-Cu,0-PVP),
OA-capped Cu,0 rhombic dodecahedra (d-Cu,0-OA), capping ligands-free Cu,O octahedra (0-Cu,0) and rhombic dodecahedra (d-Cu,0) [43] (color

online).
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Figure 11 DFT calculation-optimized structures of Cu,O unit cell, {100}, {111}, and {110} surfaces (color online).
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Figure 12 In-situ DFIFTS spectra of (a) CO and (b) CO, adsorption on Cu,O cubes (¢-Cu,0), octahedra (0-Cu,0) and rhombic dodecahedra (d-

Cu,0) [47] (color online).
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Figure 13 (a) Catalytic activity in CO oxidation with stoichiometric
O, and propylene oxidation with O,. (b—d) Catalytic selectivity in
propylene oxidation with O,, and (e) surface structure-catalytic
performance relation in propylene oxidation with O, of Cu,O cubes
(c-Cu,0), octahedra (0-Cu,0) and rhombic dodecahedra (d-Cu,0) [21]
(color online).

CuOH 45 F AN [7] T c-Cu, O 2 [ A A BRI CuO 7 .
ST RAME, fECu,0(111)F1Cu,0(100)2 1 #431
CuO R IHHF 7L H A AL COSAL R S, 45 SRR IAR
A J5 B CuO 15 3 1H 25 9 S T Cu, OFE R 451, Cu,O
(111) & 1 A2 K 1 CuO 38 155 3% TH] 5% 5% i A2 AN LA R Cu
JRFRIOJEF, 1 Cu,O(100)Z 1 A K [ CuO 7 2 [
R FERC A AMBEM O T [, Cu,O(111)FR ML

1086

K CuO 7 fi55 5 T 1 1k COSEAE S b7 (37 1K i Bz ARG
F-Cu,0(100)7% [ A= K ¥ CuO 7 5 2 T /AL CO%E AL [
LSRR, B T B4 AR At SCRE T SRR A R, IF
ST AL RGN KSR 46 2 T 485 1 FH P AL R T 4544 2
(AIAELE IR, AT AR 7~ 1 it T 428 0] 1 6 e 7] 40 K SE
2 T E A DAL PR R BT RS (14), ORI TR
FEAL TR EE A I RN, D 2 s A oK A 7 1 152
THRHE T8 .

TEK S R SOE AR, AT M5 F Cu, 0K
o RAE TR F R, A O B I Cud K i, I BTG
Cu, O K A TSR AE A B Cudly K i T R 45 DL 4E
FEL fE BRI b, BRATRINR JE T ISRl )5 7
%, WESE—Cw,0 7 k. 1E)\THAFZEE A+
A % T IS0 — B Cust 74k . 1E )\ T A4 M2 T
T R, Cu 0L T ARG R, Rk, Cudz 7 ik
1E\ AR FZE T A A4 53 5] 2 #2641 {100} fh T 8
AU} AR TRATI2AS {110} Sl . FE - A A C O Bt
FAELERAUF L T Cuglok it IR T S5, AT — D af
Tt T CuffioK S TE/K AR M S B AL P R, W23
FEAR IR /K AR 4 5 2 2 % {100} 5 T PRI Cu Sz J7 A A
Ais M e, TR EE {111} ST A Cull )\ T A 56 A 3%
BIETE. RGN JF AT S5 H R 45 SRR K A e B
REFEH Cudl K R T K1 Cu-Cu, O (x>10) 77 2
IR AR 4 S B S P Gy, CudSE T AR R TH 1 Cu-
Cu, O 71 Ae % iy B A K AR B, 1T CulE J\ Ty 4
M 1) Cu-Cu, O S I 1E [ B ik F2 H O U I B 1 R R
i, TERE T RERFIERASEML AP ET
Cu(111)-Cu,0FICu(100)-Cu,O 2 [fii £ ) I PR G T 5 45
RSCRF T ISR, JFiE— PR H Cu(111)-Cu,OF T
[FTHCOO ., o2 3 B AL 1 v 2 1) IR EEP M,
FeE PRI 55 T Cu(100)-Cu,O S FTHCOO , o P Fl.  J
Tz R, BAVR A BT ZnO/Cudli K AL J5 AL
A, HAE KA AR N R AR S
FME A BRI A T 7 i AL Cu/ZnO/AL O EAL .

IR Cu, OG0 K it i 4b 32 TH 4K 22 F 50 45 SR 375 i 1
R T A A A AE FH B SR TR RRRE, 57 T Cu,048 2K
i T 301 - o THI -3 T &5 W - AL M RE O RJFH & T Cu,0
TEAN [EV AR IS 0L P 3% 1 o 5 R RV A e TR,
ATIE LTSRS — 1 CeO, 40K &b FI TIO A K s A 1R A4
AT FE T CeO,MTIO, Jy B A (1) A AR AL A 7 A 3
A5, TS R 545 A1 L T CeO,/TIOHK



REFR: b 2018 4F 48 % oM

fep {Sﬁu
KT REEN '
’ SR
B RweE
© MBEESIE
HEEN
Bl 14 AEAGTRIGN KRR 46 2R 1 45 M 42 ] 2 A £ H
= E (M RREE)

Figure 14 Schematic illustration of starting surface structure-con-
trolled restructured surface structure of catalytic nanoparticles (color
online).
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Figure 15 (a) schematic illustrations of surface structures of Au(997)
F1Au(110)-(1x2) single crystal surfaces and (b) TPD spectra following
saturating NO exposures on Au(997)F1Au(110)-(1x2) single crystal
surface [71] (color online).
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Figure 17 Au particle size-electronic structure-geometric structure-catalytic activity relation and active structure of Au particles of Au/SiO, catalysts

in low-temperature CO oxidation [81] (color online).

AORBURLRTTER, RS RNZ B RS ID, - Aughok
FURL R R BC A7 Au i3 B BERE I, AT W By CO
ACORAM B AR KGN, 55 —Fh 2 COM P £ Au-
CeO, 711, CeO, M AF B AR Eh AT H IR 2 S0 )
AT RECO,, HAETEVEBE Audl K B0 R T (1)
SEITTIE R, R RN A KRS Aug oK BORE BAT 556
5L Ce-O-AuF HOMIBE 71, MIMATIHFE T CeO,
R THI PO B THR 2t AT R 5k 55 14 S 70 i 25 IR C O, 1 S 7
HHIE. X TTAE R AT AR 1 Au/CeO,fiEALCO%L
DS SEATL BRI RS RO

IR AutE TR AL AR AR A0 2R T A SE AT T A R AE
W AT A Ao 5 A B Tl | R B R T Au LA
AR BUEYE. F5 R AERIRCORM M, Al
FASL T AT PR AH AuHL T 45 4 (1 Au g K DL 2R T AR
KL AR T RAMEACTE PSS, BT ZE VRS IE RN 2%
JE AuGH K FIORL RS /N o] T e 45 & S5 R A R - 5 4
HIZm, A5 H Au PR BURL (AL (IR IR CO A S N i 11k
AR 2R8SE (T 18): - BE AuZH AR R ST /D, Au)
K RURL 2 T e A AN P AN < i A, (LR TS
KO B < <, DR R BURL AL IRIR COSL
JS23F PR BE RO AR i SR 2 B I R i 2. TR <
299K TR A A AR TR C O S 2 A 1) L 28 RS R s Ak
A RREEAE T 5 T (R A 35 1 1 T LA 5 A RS O P AT H
T A R R AR B 3. ) T JE LT #4321 A/

SIOLMEA T,  AuZl K FIURL A A 3% 14 T0 U8 B2 RS A
3nmZedy; WX TAFLE HL A #4542 1 Aw/TiO, F1Au/CeO,
fEALTR,  H AT SZIe 4t B BERA I Augh KU (AL 15 1
TO0 R 6 B2 (R R, AT LLE 58 B2 <2 nm. H BT ERATI
FERRZR T /N RS Audf K B50RE Aw/TiO, A Au/CeO, fiE AL,
FIRI ) 25 7V

7 Hig5REYE

HAME R RIR I SR
P MBI B 1 1 e A 2 (A7) T A 2 85 B A AR 110
ARG BTE M IESE 13T AL B AK e iR i A
R 2 TT R AL 2R T AL 27 F 7C 14 27 R S8 B 1 W] AT PR A
EERPE. R e T SR TS T L N L B AR R
TR A 2 BF TE RE 4 Y B 11 3 18 32 7 S AL AT
R THT 45 ¥ - T 0 - T S B R IB, RV e TR R
VA TSI IAEAE,  3RAS IO E A EE AR A7 I o A Re il
FRHES B XN TAR AR R, ST oK SR
TR T AL 2 BIF T AT DAPE 5 AR AL TR R 264
TP, S TAR AR 2R Z [ AR AR AT 574
{EL I S SR e 791 28 1T 4954 0 B B SR A
FIRIE R, B TP G T, 4R IE 2T —
SE B PRI A AL R T, TR PR 1 & AR
TR RRIMAREAR RN, ORGSRy
Pl g, LR AL SRR AL BA S bR

1089



M R

Nonmetallic
electronic
structure

Metallic electronic

structure

CO adsorption ability &
activity in CO oxidation
Surface density of low-
. coordinated Au atoms

3 nm

Au NPs Size (nm)

>

B 18 5 AufiE AL I Au g K ORL R SI o B 25 R TNIREE AL A i3~ B2 . T CORMME AL AR CO AU S5 B 1 e )

PSS (R E e AL

Figure 18 Au schematic illustration of particle size effects of supported Au particles on electronic structure, density of low-coordinated Au atoms,
CO adsorption ability and catalytic activity in low-temperature CO oxidation [22] (color online).
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Abstract: Surface chemistry of solid catalysts is an interdiscipline research area of surface science and catalysis
science. It aims at fundamental understandings of heterogencous catalysis of solid surfaces and establishments of
structure-activity relation of solid catalysts at the atomic and molecular levels via surface chemistry studies of solid
catalysts. Surface chemistry studies of solid catalysts are challenging due to complex and poorly-uniform structure of
solid surfaces. This review introduces a novel approach based on model catalysts ranging from single crystals to
nanocrystals and summaries the research progress employing such an approach, including the establishment of “oxygen
vacancy-controlled reactivity of hydroxyl groups on oxide surfaces” concept, the reveal of facet effect in oxide catalysis,
and the demonstration of structural sensitivity of gold catalysis. Surface chemistry studies of model catalysts ranging
from single crystals to nanocrystals are hopeful to realize the ultimate research goal of fundamental catalysis studies-
from the fundamental understandings at the atomic and molecular levels to the structural design and controlled synthesis
of efficient catalysts.

Keywords: heterogeneous catalysis, surface chemistry, model catalysts, structure-activity relation, reaction mechanism
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