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Abstract: Single-atom catalysts (SACs) not only extend the research of heterogeneous catalysts from
nanoscale to atomic scale, but also help us to study and understand the heterogeneous catalytic reactions
from atomic level. In addition, SACs make it possible to further improve atom utilization rate of active
Pt-group metals and effectively reduce the cost of catalysts. The preparation methods and characterization
techniques for atomically dispersed Pt-group metal catalysts in recent years were reviewed. And the
critical control parameters and the scope of applications of different preparation methods, as well as
characterization techniques, and the existing problems and challenges were also summarized. Furthermore,
based on the integrating innovation of different characterization techniques, putting forward prospective
for controllable preparation of Pt-group metal based single-atom catalysts into industrial application was
also discussed.
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Fig.1 Geometric and electronic structures of metal nanoparticles, clusters, and single atom!

o [ R 27 B K AL 2 B 7 BT K R 4 v
AR BT B, A AR AR T
FURANR] TR T RE, EEEe R AR T R
25 3R 18 H HAE - <R -8 A ELAE A% 7 T A E 7
A 7HRIRE, “ R TR CRON AT 2 M
B FE AT e AV o BT AL AR R A G
PR E VRS« 5 120 B8 [l SRS AR AR AL
FIBEE SR TR A R AL IR e XU A
mho BRI, R AR B RO R IE AR S 2
W5 B TERIMF L, (T ERATIR T2 N
WEON R 2N Z AR NS RE, A H RTAFSAR
T Fe Bz — 32 SRT, A ELCIE)GH
KA < SR AT, PR < e B i PR AR 1 5
A J S FA 7 AT T W 5 LA R O T Bkt + 7
1) ey S B ey A7 28 T3 0 o TR A 7 PR AT 42
Frs 2) AOARTAE AEALTRE T A2 oA 2R R AL 1
BB T 3) A0 SEIL AT A T AR PR e R
HERR T SE AR Z5 K S TERESRAL; 4) anfarsi
LB SR AR A AR AL 1] 5% 5 T AR o

RS UNTTI=E) oy R e R il K s N )

] 5E ) SEE R AL B B S (A 77 v 2] 45 35
AR FCATIERAT B SR L EE RT3, SR AL
RS A MRS G W FRRE, B
THES A E L AR B HEAL TR T A

[2]

FY, s AR AR SR < SR AL IR TR B A
Ao DUk, ARSCERIR T AR G R SR T AR
LA IHE S BERAEEOR, A9 T A HT iR
<6 B HE AR B0 RT3 R R BOR AN 3T RALBOR
AR TR S BAR B, ARG R A U “
] i A I R e R 1 A R BRARAEA7 R A ™
B BB o

1 HI&HE

1.1 2L

VA 21 2 ) % A R 4 B e 1 7 k>R
Mk, BREBERS. 5T HBLHSSEEL
Pos, EHEHAREPE B, UTEE. BT
A,
1.1.1 Bz

BB 1 4 A IR ARV R R T
BT B A E AR, BESEAT TR KR
LT EHAE, R G R A B
Jiike R BHE R &40 4R 5 R T AL A O
BT BRI pH &M BT 55
M, CRUETE TR &R B TR Bt FE H BEA
TEBUTIE A MIZ TR AT H 172 DA SR 55
B TIRE e A BUR NE SRR, TERK
SIE-E A ACFEEET” AER, TR ORAE T4 5



90 " A A

540 %

BRSE LSRR, RS 8 5 A K AE B
TR T S A TS L. Kwak 2515 H v-ALO;
FORHLRT AP OL AT LAE N Pt TR “ Ak ieT 7
Frots, I PO-AP L2 SRR E Pt T
ABHTR 2 Lin 251 S5 AR B AL O S5 F P SRS B
ma g M R R T e 2 —, AR AT
H,PtClg'6H,O AHTIRAE, RHAZFTEH % PYMoC
MR, KBEAF fec EMH a-MoC Ltb
B-Mo,C(hep &5 ¥ %5 5 5 Pt X BGEAH EAE,
MAE mRE S AR Pt B8 5 T/E a-MoC RIHJE R
BAJE T8, 4050 K% Hackett VAR R I FL
AMEAFR TR BHEMENZE, X Pd AHE
R 0.03%H}, A7 LA RIS Pd JE TGt A0, (=
fem Pd HEZSE 0.06% TR SN 0.8 nm
) Pd WHUKHEE, Mt —PHAEERSE
1.03%~4.70%, Pd ZKBRL R )5 2] 1.3~4.4 nm,

B LA, 38 DA A ] 4 R i A 7 B S 4
B EAEHIE 0.5%LLNP), Lang D T 4%
Rhy/ZnO B 7 #4067, ¥ Rh g & FEZE 0.03%
HEFEAK, L RhCly-3H,0 METIRAR, % ZnO 44
KA AR, G, g, Bk, 60°C
TIEJE . 1E 200°C 1 20%(7RF 73 %0 Hy/He A I8
J& 30 min. Wang 2 A\"LL Rh(NOs); JyRiTERAE,
Co304 KFE NE A, Rh/Co JE-FEH N 1:1000(Rh 1
B E=0.16%), KR FLS & T Rhy/Co04 HLJH T
AT, FIFNERBUR I NaBH, K& 5
RO, HRAE Cos04 HKFERT LM Co’ -Rh-Co™
AR Guo 28 NhE RuCly. Ce(OH); 48K 254y
SVE TG 7 Rus #idk CeO, HIRTIRME, KRR
B4 T 738N 0.89%[1) Ru,/CeO, HL R T AL
), FERAEFEE RS Ce(OH); 44K £k i /K 5 25 51
CeO, YKLk, It Ru-O-Ce A 1EHHMAE T
57 Ru J&E T

AR, ARG R R T A AR PR S B T
IRKFRRE FEGR T3k S R Re e “91Er” L
SEE TR SRR TR R R O R E
K2 Liu 28 N'S@ it 78 HoPACL, ERIE B TiO,
gy oK R ik B A SR R 6 Ak 2 A B 19 O R R %15 3
Pd/TiO, H R P15, Pd ik E AR 1.5%, X
AHE T R E A E L 340 mYg B 2 R T2
TiO, 42K Jr R 1 BA K E R A2 e AL Pd R+ 5
B Az Tt R T

BRI E, RANRIBE S &5 4 8 5 R 18
7], FTEIEHEAR S, B0 9K,

YRS AN R ER, TIER Sy 50~
80°C, REREILE — AT 400°C, FEREER W
REAIRCE A Bk T BAR M i), 0 BN I 75 2R BUAE
SRR RAMEIR A B R, ORI E )
T PBH = T2 5 I A i 4 e B BUR T AH BLAE
FAUT, o4 5 1k 4 SR AEAE T — ANl T 2 R &k
ARE. HArRHRBUETSZE, Pt Pd. Rh. Ru
S5 4 FRER G o0 3 1 B AL 4
1.1.2 YLiEi

H R B A T k5 Bt - T AR F 3T
VEVERIE T Pt/FeO," "), Ir)/FeO, P21 o 5 T4k,
7o 4 HoPtClg B HolrClg 985 Fe(NO3); HE—
5E LUAITE & i 18 08 i 0 BB Vi, Ul i AR
i pH=8, RBIFIVTIEEITIE. Balk. 60~80°C
THEJGLE 200°C (8L 250°C)HI 10%(1AFA 7> $0)H,/He
RAHIEJE 30 mine ZHIPAE I 8RO
JESFEF pH A VUEIRE SN % S5, Ll
BHIREBNEE, Pt Ir TURE 20 M BAIH)
0.08%- 0.01%IE & 5] 0.17%. 0.22%. dbii Tk
% Zhang %5 NPPER GRS & T ak &
0.2%[¥] Pd,/TiO, H.J5 F 1AL o K PA(NO5), I 5
TiO, IR G G Bk 2~3 h, #iff P> B T4 TiO,

R, FHIIMANEEEE RO pH 5
9.5, #iFE 5h J5, 60°CT 1, 400C TR KR

4ho R FHUTIEIE I 4 (A7) 1) 2% AR FE X it
B RSB SRR e 2 &R S
TWRE . DUER. pH (AR mBR, AU
R IR B i 4 B B IR BT . DR FIRP
e pH 264, BRI BRI &) ok (— A
FEE 0.3%),  FL7E i) 4% b 2 e 75 2 [ 9 b A ) 7
MRIIKF(1:5 24", wiidd B T At .
1.1.3 Bk

B F AT W L LA TR AR A R
(B AR %, TSR S Tl S i
) Brensted FR 1A /0> H 25 F BBk 4 8 25 F-(W1 Na™s
K538 e, T RGN R 135 P H 0 o PNH;)4(NO3),
W PYNH;3),™ B 7 547 F KLTL 2> 795 22
ALABIE ) K RAEB T, TR PH(NH,), ™ -KLTL
HAEMEL 4 360°CHI 10%(1AF1 5 $0)0,/He SR A
AL TR 4 h J5753) Pt/KLTL SR FAn0>), H i
HEILF] 1.0%, JNOL Pt 781 Pt-Ogyppor Pt-Al
PR RS KLTL AR AR . SEEIE KRR
2% Shan /NP Rh(NOs)s W I F- NH,-ZSM-5 731
i, &P AT TR W8RG, sl LR



%130

FRUES : R EJR RE TR % . RAEBORBE TR 91

VETIRT R IR 2 128 ) 4615 21 Rhy/ZSM-5 B -1
5o 35 S M K2 Tang 451250 SR B8 142
ik B & 7 EEN 0.1%H9 Rhy/ZSM-5 HLJE
THEALF], Rh(NOs)s KW ) R0 B F4E 7R AR
N5 NH,-ZSM-5 7 F i1 fLiE Bronsted FR1EH
O HETRAB T, HEFER Rh-0-A1
ARV E R o SR S A ki) £ AR 4 Ja HR
TR, FTEFORIA A 1) AR 48R
IR AT R A5 ek, B4 R-Re A B ER A |
Kot 2) AT IR RN AR I R ) pH AR 7T GEHb

FEIR , RAETEPE & 8 B 7628 e AR TR AN T T -
1.2 JEFEURE

JEF Z VTR (ALD) A B T ] S2 0 JE F RE
ArEEflS, HETS )z A TR SR R T
F ] 5 20 N K 22 KgAK Sun 25 APTIL)L
FEIR IR 05 3 = B 41 (MeCpPtMes) AT 3R 1K, 47
52 Jfi (Graphene) N # /&, KA ALD AR & T
Pt;/Graphene H. J5i ¥ fi {1k %] , MeCpPtMe; fE
Graphene 41K v R IHUTAA- R B FR A0 2 Fis o

e = S o :
; : CH, Pt.., Pt.., Pt Pt
i i MeCpPtMe; Hc” | "CHipc” | ™t o | |
% ) e 2 2 > Zi
Graphene Graphene Graphene

B2 AEEPK AR Pt TRV R R A

Fig.2 Schematic illustrations of Pt ALD mechanism on graphene nanosheets
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CO FREF 2 T LLAMETEEARA AT LU R H
W EEARAE 2, 3 BAT RAEMNRIR AR w45
Sk AL BT MR B e A, SR, A AE TR
—EEARZAE. R T ATIEH, CO T AERF
PRAL Pt Pd B Rh Ji-7~ b AR [R5 44 B 21 A MRy
LIRS 7 B 32 AL TR B ALY R R 52T . CO
DT AEAR RIS R & R S5 7 BB 2L =

BT, HEGESFEESOIER, X%
FAEF AR L — 3R oy . B — iR AR AL M B
JEF AL FIRAE S A B rE Y. R4h, &
TERF UL AL, E CO 7T HIMr U P &5
FHARKIGHES BRI THoH, Haguiasbeis
HEL T 2R S I ARV, — e A AE 4K ]
FRELAPRIBURL, I AN B AFAE CO 2 T bR
W B 5 K R 4 E R0 CO MR 7 s R PG R 3%
FEYIR K.
22 FEAPERES TR

T B AR POE R, DARIRZERIER &
TR BG5S F 7 2l (ac-HAADF-STEM)
BRI K, F T B AR S AL 7 Ak - 1
EHES R TGO, ROHHES) T I AR
EERb A R P REERE, SN RIR TR
AE (R B LA TR e AR, & 3 s, SR
25T H - R A(STEM) $ R AT DABH B WL %2 2 Pty/a-
MoC!", Pdy/ALO;". Pdy/TiO ", Rhy/ZSM- 524,
Ir,/FeO,* 45 B T4k 7 Pty Pd. Rh. Ir 25
PR SR R AL S, X2 STEM EE
(50 5 5 7 UV J7 () RAE EG, - BT 173
K IR T/E STEM [EIE Pk =

MR, WREME SRR R TR A AR
b & @ n R R AR RR, SR AT REW
MU B R e N R N WS T 51 1 8 21 OR =R
B, ZUGCKE gk gk % —
Y By A S JE A AR B R T A TR B E A
B, BEEREED) STEM 2 AE AR B Th#] %
Pd,/CeO,. Pd;/La,0;. Rh;/CeO, ZHI[F Ru,/CeO,
JEF PO R R FEIRTR. S4h, mREHR TR
hesliEed R 2RISR, KA STEM AR
B TR T S SRR A I i, R R
i ARAIEAS 2 R 46 428 2 BOIRZS 9 STEM 15,
FAEUL, STEM KA FE A ) H - IR 5 250w A2
R F T AR AR A B BT AR ) B K Bk
. Guo ZEU'SIS) Ru,/CeO, R FHEALFIRE AT
HAADF-STEM FAER % F I L% 4 200 kV,
LU H R 43 I S FL T R S (HRTEM) R ALE [ 1 i
H1LE (300 KV 100 kV, Lin 2507 5546 14 ek
HUE (XA 100 kKV) F5T Pti/a-MoC HJ5 7 fi# 4773k
17 STEM RAE, (HEARE T8 A GRIE HL T AR iE
EIRIETF A ECRESMA A, FHif, R Guo
25 I2E 200 KV #5055 HL K T #E4T EDS-mapping 7
BT, B LERR N HL (=100 kV) R 5 B 51 L)



%130

FRUES : R EJR RE TR % . RAEBORBE TR 93

Pt,/a-MoC

Pd,/ALO; Eyttiee Pd,/TiO,

Ir,/FeO, S

1582 - -
MAG: 1300000 x HV: 300.0 kv WD: 1.0 S

B3 Pt/o-MoCM, Pd,/ALO;™. Pd,/TiO,"®. Rhy/ZSM-52*. Ir,/FeO, 1 Ru,/CeOQ,"S B8 JH-F- 4k STEM E#
Fig.3 STEM images of Pt;/a-MoC!"')| Pd,/AL,05!"?!, Pd,/TiO,!'®), Rh;/ZSM-524 Ir;/FeO,!) and Ru,/Ce0,!"* single-atom catalysts
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Tab.2 EXAFS parameters of different Pt-group metal based single-atom catalysts
AL e oz 62 K /nm i o7 40 Ey/eV’ o*/(nm’) " SCHR
Pt-Pt - - -
Pt)/a-MoC 5.9 [11]
Pt-Mo 0.285+0.001 6.8+/-1.0 0.00015
Pt-O 0.201 3.9 7.4 0.11
Pt,/FeOx [18]
Pt-Fe 0.305 33 7.4 1.09
Pt-O 0.205 2.0 8.0 23
Pt;/KLTL [23]
Pt-Al 0.300 1.0 -11.0 70
Pd-Pd - - -
Pdl/A1203 No data [12]
Pd-O 0.200 4.0 0.0001
Pd-O 0.207 2.0 1.9 0.00005
Pd,/Graphene [28]
Pd-C 0.200 1.0 4.0 0.00004
Rh-O 0.2015+0.0009 5.23+0.52 0.0000348
Rh,/ZSM-5 Rh-(0)-Al 0.3168+0.0032 1.55+0.66 No data 0.0000348 [22]
Rh-(0)-Si 0.3514+0.0072 1.68+0.71 0.0000348
Rh-O 0.205+0.001 3.94+0.6 0.00005
Rhl/C0304 No data [14]
Rh-O 0.253+0.001 4.6+2.1 0.00022+0.00006
Rh-Ogport 0.219 2.2 -3.05 0.0000673
Rh,/DAY Rh-Oyqpe 0.341 0.7 6.5 —0.0000371 [43]
Rh-Al 0.292 0.4 0.68 0.0000221
Ir-Ogport 0.215 2.0 2.8 8
Ir;/MgO Ir-Oygng 0.373 4.5 -4.1 109 [44]
Ir-Mg 0.305 2.8 -2.1 111
Ru,/CeO, Ru-O 0.2027+0.0043 4.5+1.3 0.4 0.005+0.003 [15]

o R SAMEEZ MR A RALZE; ** AARIR T T R TTAR R A%

24 HERMEEAR

B R T TR S 1 4 ) TR 2R Tk 2
T AR AR B AR RS, FLER A BUS AN JR
TRIFZEL A 100%4, KL, 480 80E gy
S T I 4 B R A B T R . TR
Zheng IR BE@ 1 7E 50°C T #EAT CO fkrhikga it
L PA/TIO, B R FHEALFI P 20 8RE, AR
100%, KB Pd I&F| [ HJET 408k, 5 STEM. XAS
RIELER—. SR, &80 iUE MRS RAAAT
TEREEMEAR . ERMEZEN NS, XERNEED B
JE R T Rk R B K 6 4 R A 4R Sz
T KPR B B A R 4 TR B T Bk R
FUBEAE R R T AR R AE A B F B

BT (AR R R T 4 R AN L A% R 5 A R
i, AR SRR SRR AL, Xy S e
X HHRATHIXRDY!E 20 P X B H TR

(XPS)! 21 Tl L A Bl R AE T B AR, 7
B, XRD % B %A i 48 1R fT 5
W, FHABEULA IR =, AR UL BET
IEL XSRS S B XRD [HEZHEE.
JFEFHMSHE. BG5S ERRNE. [,
it XPS Bidi /M3 PETL Pd*TL RhYL I Ru*
AT MR SRR ) 5 LA F] 100%, I
e BRI DGR IS 84S, TER
WA T4 . XANES $E M55 & 2017 .
BRUL ERAEE AR Z 4b, @] LS R T 77 55
(AFM)71] Kelvin #4175 M(KPEM)™), 413k
T S (ST 35 B B Ji 7 A 751 2 1 D F) — 4
NG E 4 FR), BEWERmE
SR BT AitE . SRTT, X8 AR A
PR AL A RIS R, H RT7E SR T A5
AL I, B R E— B R S5FI .



51

F RS BRI Jm B R T T ] . RAEHARBT T 95

SO 5 P .
B4 Pt/TiO, BJR TRMUFIKI()AFM ERFI(D)KPFM ER™, PR ()Pt/CeO, BFETREAFIK STM B!
Fig.4 AFM (a) and KPFM (b) images'“®! of Pt,/TiO, single-atom catalyst and STM (c) images'*” of Pt,/CeO, single-atom catalyst

3 4iE5R#E

B R A BOR FRIE T8 A R AR 2 AR AL
RPN R N2 T 57 R, 153
— D B A7 28 2R e 4 e AR R 1) B S R
NATRE. fEBTIRET D PN RAR . X F LR
WOBIEEOR . AR EZ MIACRAEEIR, k3R
TINZAAE R “ BT BE.

TER & 7L, H R R B R AR R
% DURYE. B EASHEMIE TR, 1REUE
FPTIE LR 1T B B2 IR 2% i,
W2 55 T RE S DMV AC S F il 45 ik, el R
FRBHERPUE RIS B2 i R T2
MACSEE BT By, SEBUER R 4 B J5 M 7] )
B4 5 TGS, &4 e I B B U7 [l s
BT R T TR AR R SR R T
FURIHIS, TEORFEIE T BRI, & Mg m i
MM ARE M DA 2 TR R, =455
IR AR R T B ORI R i & i R A e s o
JRF AT A T B, (H & 5 1 SR AR A AT
VAR IBAT AR DA B il 46 R R AR R R, BN T
Ak S FH B R, A 5 7 B A BRI K
B AR 55

TEMEAGFI A RSB T T T, 2T 32 2 AYAK 2R
PR Y, RN, AT
oy BRI AR R — . =4, BRER
B R AR £ BRI 9T S T R B R A T
Ak 3 ZE (1) B BT R

ERMEFARTTH, HETZ XM CO #Et7r+4
Mt A . STEM. EXAFS. XANES 25T B R EL
AT S R T S AL T4, BT
PIRES. (WEMEFEBEEL, HEGATRMEL

A RERR, EXARAEREE. XRD. XPS,
AFM. KPFM. STM 54 PERAEFIA . 1L % ff
RALBAR A YL & 12 MR AR ) = RS
MR EME B SR IER . @B 5E ks
S5 2 YR ER AL M BRI e B B MR, SRR
AT EA BRI R I TR 1) A R

I ] T IR AR AL SR AT BT A R, B
JE AT IR 2 RE T SEL VAL N, (AL H HL R
THEAK S EM LS E.

SR

[1] WANG A Q, L1J, ZHANG T. Heterogeneous single-atom
catalysis[J]. Nature reviews, 2018, 2: 65-81.

[2] LIU L, CORMA A. Metal catalysts for heterogeneous
catalysis: From single atoms to nanoclusters and
nanoparticles[J]. Chemical reviews, 2018, 118(10):
4981-5079.

[3] CHEN Y J,JI S F, CHEN C, et al. Single-atom catalysts:
Synthetic strategies and electrochemical applications[J].
Joule, 2018, 2: 1242-1264.

[4] YAN H, SU C L, HE J, et al. Single-atom catalysts and
their applications in organic chemistry[J]. Journal of
materials chemistry A, 2018, 6(9): 8793-8814.

[5] KIM J, KIM H E, LEE H. Single-atom catalysts of
precious metals for electrochemical reactions[J].
Chemsuschem, 2018, 11(1): 104-113.

[6] QIAO B T, WANG A Q, YANG X F, et al. Single-atom
catalysis of CO oxidation using Pt;/FeO,[J]. Nature
chemistry, 2011, 3: 634-641.

[71 ZHANG H B, LIU G G SHI L, et al. Single-atom
catalysts: Emerging multifunctional materials in

heterogeneous catalysis[J]. Advanced energy materials,

2018, 8(1): 1701343-1701366.

[8] YANG X F, WANG A Q, QIAO B T, et al. Single-atom



96

pal:

540 %

[12]

[13]

[14]

[15]

[17]

[18]

[19]

(20]

catalysts: A new frontier in heterogeneous catalysis[J].
Accounts of chemical research, 2013, 46(8): 1740-1748.
CHEN F, JIANG X Z, ZHANG L L, et al. Single-atom
catalysis: Bridging the homo- and heterogeneous
catalysis[J]. Chinese journal of catalysis, 2018, 39(5):
893-898.

KWAK J H, HU J, MEI D, et al. Coordinatively
unsaturated AP’* centers as binding sites for active
catalyst phases of platinum on y-Al,O;[J]. Science, 2009,
325 (5948): 1670-1673.

LIN L L, ZHOU W, GAO R, et al. Low-temperature
hydrogen production from water and methanol using
Pt/a-MoC catalysts[J]. Nature, 2017, 544(7648): 80-83.
HACKETT S F J, BRYDSON R M, GASS M H, et al.
High-activity, single-site mesoporous Pd/Al,O; catalysts
for selective aerobic oxidation of allylic alcohols[J].
Angewandte chemie, 2010, 119(45): 8747-8750.

LANG R, LI T B, MATSUMURA D, et al
Hydroformylation of olefins by a rhodium single-atom
catalyst with activity comparable to RhCI(PPh;);[J].
Angewandte chemie international edition, 2016, 55(52):
1-6.

WANG L, ZHANG S, ZHU Y, et al. Catalysis and in situ
studies of Rh;/Co;0,4 nanorods in reduction of NO with
H,[J]. ACS catalysis, 2013, 3 (5): 1011-1019.

GUO Y, MEI S, YUAN K, et al. Low-temperature CO,
methanation over CeO,-supported Ru single atoms,

nanoclusters, and nanoparticles competitively tuned by

strong metal-support interactions and H-spillover effect[J].

ACS catalysis, 2018, 8(7): 6203-6215.

LIU P X, ZHAO Y, QIN R X, et al. Photochemical route
for synthesizing atomically dispersed palladium catalysts
[J]. Science, 2016, 352(6287): 797-801.

ZHANG J, XU X, CHEONG W C, et al. Cation vacancy
stabilization of single-atomic-site Pt;/Ni(OH)x catalyst
for diboration of alkynes and alkenes[J]. Nature
communications, 2018, 9(1): 1-8.

WEI H S, LIU X Y, WANG A Q, et al. FeOx-supported
platinum single-atom and pseudo-single-atom catalysts
for chemoselective hydrogenation of functionalized
nitroarenes[J]. Nature communications, 2014, 5(1): 1-8.
SHI Y T, ZHAO C Y, WEI H S, et al. Single-atom

catalysis in mesoporous photovoltaics: the principle of

utility maximization[J]. Advanced materials, 2014, 26(48):

1-7.
LIN J, WANG A Q, QIAO B T, et al. Remarkable

[21]

[22]

[24]

[25]

[26]

[27]

[29]

[30]

[31]

performance of Ir;/FeOx single-atom catalyst in water gas
shift reaction[J]. Journal of the American Chemical
Society, 2013, 135(41): 15314-15317.

LIANG J X, LIN J, YANG X F, et al. Theoretical and
experimental investigations on single-atom catalysis:
Ir;/FeO, for CO oxidation[J].
chemistry C, 2014, 118(1): 21945-21951.

ZHANG X Y, SUN Z C, WANG B, et al. C-C coupling on

Journal of physical

single-atom based heterogeneous catalyst[J]. Journal of
the American Chemical Society, 2018, 140(3): 954-962.
KISTLER J D, CHOTIGKRAI N, XU P H, et al. A
single-site platinum CO oxidation catalyst in zeolite
KLTL: microscopic and spectroscopic determination of
the locations of the platinum atoms[J]. Angewandte
chemie, 2014, 53(34): 8904-8907.

SHAN J J, LIM W, ALLARD L F, et al. Mild oxidation
of methane to methanol or acetic acid on supported
isolated rhodium catalysts[J]. Nature, 2017, 551(7682):
605-608.

TANG Y, LI Y T, FUNG YV, et al. Single rhodium atoms
anchored in micropores for efficient transformation of
methane under mild conditions[J]. Nature communi-
cations, 2018, 9(1): 1-11.

CHEN N C, SUN X L. Single atom catalyst by atomic
layer deposition technique[J]. Chinese journal of catalysis,
2017, 38(9): 1508-1514.

SUN S H, ZHANG G X, GAUQUELIN N, et al.
Single-atom achieved

catalysis using Pt/Graphene

through atomic layer deposition[J]. Scientific reports,
2013, 3(5): 65-65.

YAN H, CHENG H, YI H, et al. Single-atom Pd,/
graphene catalyst achieved by atomic layer deposition:
remarkable performance in selective hydrogenation of
1,3-butadiene[J]. Journal of the American Chemical
Society, 2015, 137(33): 10484-10487.

JONES J, XIONG H F, DELARIVA A T, et al. Thermally
stable single-atom platinum-on-ceria catalysts via atom
trapping[J]. Science, 2016, 353(6295): 150-154.

NIE L, MEI D H, XIONG H F, et al. Activation of surface
lattice oxygen in low-
temperature CO oxidation[J]. Science, 2017, 358(6369):
1419-1423.

WEI S J, LI A, LIU J C, et al. Direct observation of noble

single-atom Pt/CeO, for

metal nanoparticles transforming to thermally stable

single atoms[J]. Nature nanotechnology, 2018, 13:

856-861.



%130

FRRHERE B e R T RER I 2 . RACBORWE T 97

[32]

[33]

[34]

[37]

[38]

[39]

JEONG H, LEE G, KIM B S, et al. Fully dispersed Rh
ensemble catalyst to enhance low-temperature activity[J].
Journal of the American Chemical Society, 2018, 140(30):
9558-9565.

WANG C X, ZHENG T T, LU I, et al. Three-way
Effect of
Rh/ceria interfaces[J]. Applied catalysis A, general, 2017,
544: 30-39.

ASOKAN C, DERITA L, CHRISTOPHER P. Using
probe molecule FTIR spectroscopy to identify and

catalytic reactions on Rh-based catalyst:

characterize Pt-group metal based single atom catalysts[J].
Chinese journal of catalysis, 2017, 38(9): 1473-1480.
DING K L, GULEC A, JOHNSON A M, et al
Identification of active sites in CO oxidation and
water-gas shift over supported Pt catalysts[J]. Science,
2015, 350(6257): 189-192.

SUIY L, LIU S B, LI TF, et al. Atomically dispersed Pt
on specific TiO, facets for photocatalytic H, evolution[J].
Journal of catalysis, 2017, 353: 250-255.

SUN X C, LIN J, ZHOU Y L, et al. FeO, supported
single-atom Pd bifunctional catalyst for water gas shift
reaction[J]. Aiche journal, 2017, 63(9): 4022-4031.
KWON Y, KIM T Y, KWON G, et al. Selective activation
of methane on single-atom catalyst of rhodium dispersed
on zirconia for direct conversion[J]. Journal of the
American Chemical Society, 2017,139(48): 17694-17699.
KARELOVIC A, RUIZ P. Improving the hydrogenation
function of Pd/y-Al,O; catalyst by Rh/y-Al,O5 addition in
CO, methanation at low temperature[J]. ACS catalysis,
2013(3): 2799-2812.

LUI J. Aberration-corrected scanning transmission
electron microscopy in single-atom catalysis: Probing the
catalytically active centers[J]. Chinese journal of catalysis,
2017, 38 (9): 1460-1472.

KRIVANEK O L, CHISHOLM M F, NICOLOSI V, et al.
Atom-by-atom structural and chemical analysis by

annular dark-field electron microscopy[J]. Nature, 2010,

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

% %k sk 5k 3k %k %k %k 5k %k sk %k %k sk sk %k %k sk sk ok %k %k %k ok ok k %k
[ E&E% 81 ]

[50]

[52]

HVOLBZK B, JANSSENS T V W, CLAUSEN B §, et al.
Catalytic activity of Au nanoparticles[J]. Nano today,
2007, 2(4): 14-18.

LI G WANG Y, CAO Z. Effect of refined grain size on
corrosion behavior of metal Cr in media containing
chloride ions[J]. Ciesc journal, 2012, 63(2): 560-566.
SHORES D A. Corrosion and metal release rates of Ni

substrates under a porous gold coating[J]. Corrosion

[53]

[54]

464(7288): 571-574.

OGINO I. X-ray absorption spectroscopy for single-atom
catalysts: Critical importance and persistent challenges[J].
Chinese journal of catalysis, 2017, 38 (9): 1481-1488.
EHRESMANN J O, KLETNIEKS P W, LIANG A, et al.
Evidence from NMR and EXAFS studies of a
dynamically uniform mononuclear single-site zeolite-
supported rhodium catalyst[J]. Angewandte chemie
international edition, 2006, 45: 574-576.

UZUN A, ORTALAN V, BROWNING N D, et al. A
site-isolated mononuclear iridium complex catalyst
supported on MgO: Characterization by spectroscopy and
electron

aberration-corrected  scanning  transmission

microscopy[J]. Journal of catalysis, 2010, 269(2):
318-328.

ZHANG X Y, SUN Z C, WANG B, et al. C-C coupling
on single-atom-based heterogeneous catalyst[J]. Journal
of the American Chemical Society, 2018, 140(3): 954-
962.

PENG Y H, GENG Z G, ZHAO S T, et al. Pt single atoms
embedded in the surface of Ni nanocrystals as highly
active catalysts for selective hydrogenation of nitro
compounds[J]. Nano letters, 2018, 18: 3785-3791.
EMMRICH M, HUBER F, PIELMEIER F, et al.
Subatomic resolution force microscopy reveals internal
structure and adsorption sites of small iron clusters[J].
Science, 2015, 348(6232): 308-311.

YURTSEVER A, FERNANDEZ-TORRE D, ONODA J,
et al. The local electronic properties of individual Pt
atoms adsorbed on TiO,(110) studied by Kelvin probe
force microscopy and first-principles simulations[J].
Nanoscale, 2017, 9(18): 5812-5821.

BRUIX A, LYKHACH Y, MATOLINOVA I, et al.
Maximum noble-metal efficiency in catalytic materials:
atomically dispersed surface platinum[J].

chemie international edition, 2015, 53(39): 10525-10530.

Angewandte

koskoskosk sk skoskosk sk oskoskoskoskoskoskoskoskosk sk sk sk
science, 2008, 50(2): 372-383.

BUELENS C, CELIS J P, ROOS J R. Electrochemical
aspects of the
gold-alumina[J]. Transactions of the IMF, 1985, 63(1):
6-10.

GUZMAN P, APERADOR W, YATE L. Enhancement of
the pitting corrosion resistance of AISI 316LVM steel

plating of gold and composite

with Ta-Hf-C/Au bilayers for biomedical applications[J].

Journal of nanomaterials, 2017(1): 1-10.



