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Abstract With the ever-increasing demands for energy and declining reserves of fossil fuels, efficient use of fossil fuels and
energy extraction from alternative raw materials are critical to the sustainable future of humanity. Catalysis is one of the key
technologies capable of helping address this energy challenge. Nanocatalysts are an integral part of catalysis technology, and
they can catalyze chemical transformation for petroleum processing and energy conversions, which are more efficient than
their bulk materials. With the rapid development of nanoscience, new nanocatalysts and novel catalytic properties continue to
emerge. Tremendous work has been done in characterizing the catalytic properties of nanoparticles at the ensemble level.
However, due to heterogeneous properties of nanoparticles in size, morphology or surface composition, traditional ensemble
methods can only provide averaged behavior of numerous nanoparticles. Therefore, it is difficult to determine the reliable
structure-activity relationship for individual nanoparticles. In addition, owing to the surface structural reconstruction, the
active sites of nanocatalysts are variable under catalysis. Revealing the dynamic evolution of active sites is helpful to under-
stand the process and mechanism of catalytic reaction. Consequently, developing a direct approach to study the nanocatalysis
at the single-particle level and in real-time with sufficient spatiotemporal resolution is highly demanding. Recently, due to the
single-molecule sensitivity and high spatiotemporal resolution, single-molecule fluorescence imaging (SMFI) has been
proved to be an effective tool for studying the heterogeneous nanocatalysts at the single-particle level. By adopting fluoro-
genic reactions and monitoring the fluorescence signal of a product, the reaction process on a single nanoparticle can be fol-
lowed in real-time at single-turnover resolution under steady-state reaction kinetics. In this review, we discuss recent pro-
cesses of SMFI in investigating nanocatalysis at the single-particle level. The discussion focuses on the development and
application of SMFI in probing catalytic mechanisms, including the size effect, facet effect, surface defects, plasmonic effect,
activation energy, bimetallic effect, nanoconfined effect and catalytic communication. Finally, challenges and prospects of the
SMEFT for investigating nanocatalysis are put forward.

Keywords single-molecule fluorescence; single-particle; spatiotemporal resolution; nanocatalytic mechanisms; struc-
ture-property relationship
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Figure 1 (a) The scheme of a TIRF microscope (left) and a fluorogenic
reaction on the surface of a single nanocatalyst (right)!*”. Copyright 2013,
American Chemical Society. (b) Principles of single-molecule localiza-
tion-based super-resolution imaging®®!. Copyright 2017, American
Chemical Society
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Figure 2 (a) Typical image of single-molecule nanocatalysis on the
surface of nanoparticles. (b) Segment trajectory of the fluorescence inten-
sity versus time from the spot marked by the arrow in (a)
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2020, American Chemical Society
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Figure 9 (a) Energy profile for product formation and dissociation steps
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Chemical Society. (b) Elementarychemical steps of RZ reduction cata-
lyzed by SiO, nanoparticles!'”. Copyright 2019, American Chemical
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nanoparticles!'?*). Copyright 2020, American Chemical Society
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talysis setup. (b) Reaction kinetics from nanopores with different lengths
and diameters at the single-molecule/particle level'*. Copyright 2019,
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nanopores!'*®, Copyright 2020, American Chemical Society

Acta Chim. Sinica 2023, 81, 1002—1014

© 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

ShR, SO TLI SR B K PR TR 5T 4K BRI 4 2
RSN EACEN 775 52 (B 100). B4y TR, B
IR AFLGE R P ARG « AV B RE AN TS AL e AR iz
m T oRKEE M (B 10d). BRAKGNKFL A bR s o 38 55
VA v 3 A B8 22 T 1) P Ji %o e ) = A2 PR 4 oK B
W AR BRIIA SR T80T AP SL A AN [F] B =
AL, X I TAF B~ T SMFI 75 5.5 1/ kLK T R 4t
W TN BRI S 9K BRI I RE 7, AR A A s 7
BN TR . RN B PR I B A
CNEECS

IR =ATAE B GUR A e —Fh 2 2451,
R FHAZ A5 R4 vT DS b e ] [ AR A% 58 1) 22 FL e fT e
EEAUKRORL A R SR FIZR TR 5. X Fh 25 e 2 it
T A B P 6 R AR R, 5 A2 i T
AR B T R A AR RORL. AL, X T AR A )
SMFI ELMHE 7T 1 9K IR IBUR N3l /1%, N5 & X 47
PEAN RVER 7 2% 9 K R 0 0 265 AL 3ok A ) B2 i) 245
TR,
3.8 HEEhifELETR

i RO AL A, IRTER— MBS
SRR AL R ) — M B I S A AL, TR
JEW 2 160 PR L A LA 51370, R AR (1) A3 g o J ek 3
B FH 43— TA) AR ELAE BT At 5 10 R0 3 R A 5 1) A2 A
HEAT IR 30 TRI46138-1390 33 e 45—~ (] A B A F AT DAKS 15
HOO R B LK Ty, AT 5| S BEE E  Bh, X
— p5 AT DAIE A T B R P A 5 43 BT T 45 146 120121
YR A TRTE S SO FE B 2 AT R T A, RS
PG DATESS M B E i 7 FARER, ZhaSh iy ik
WETE. RIS, PR ECAT LUK [ — AR A R B R
A ROSER R AEOR. DR, B TE N G A R e A2 B
TR T A [R5 18] R 22 I

Zou “EI40E B SMFI, IEFIEHE TR RZ BAL M
R BIAA R, R IR 4N K AR (PANR) 3K [ AN [F) 7 B
FA) IS N7 RE A% A R T — R AR ELYA 08, Xl R 32 B @Rt
R A 50 3R THI A 1 FEL IR 25 OBk BR R AT 1, TR B 2R
100 nm, JERICIZEF 2975 10 s 3 100 s 2 [7]. BEAk, X
TR UAE P {40 TR B 1 23 & 2B 7E AuNR 4L AR i 2
Bk FE [ B AT AuTNP {4k RZ it B i (B 1), #E—25
WERZIL, # AuNR 4L AR Bt 2B 5 [ N AT AUTNP
A RZ A BB AETE SR &, i 54> PANR 7
PGS T A S LI A X PRI SR R [R] FRT 38 TR
SEIEIE T R R T AT BN L EAT I, 8RR
TERCR . 3% L 55 1811 B 9K A A TR B SE A7 S A
BARE R R, (B 3 WAL 5E A AR, S EE AR B
FEZKSF KA AL B PRSI — N ST AL A
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B 11 %S RZ BRI, AR i kR BB J RZ fi SR BT
Figure 11 Photo-induced disproportionation reaction of RZ, a deacety-
lation reaction of AR, and a deoxygenation reaction of RZ

4 SMFIRI=SHE

SMFI HA5 & R 0% I i 25 0 W R (R4, 7E4h
K2 AL R R, T B0 T OO RN, %4
ROEE/R T2 SRR RGOS FE P EANE B, Witk
N RMEMIT R BREDER. TEGEE. RBHE
Py RIS TEAL 5 20 A7 LR AR B T IAT NS,
M IR B8 {5 2 AT LAk — B 3 R T TR I RS SO B T2
N SERSWOITRN . K4 i [R] 587 DA K B SUA 3 THAE
TEALHLE]. H AT, SMFI 22489 2 M FAeAfiEfk.
Ak ARG DL R ' AL AL 450

RI{E L BUAS T iz ke, (Bl E SR
P, SMFL s Zit— 0k e, DAl & BEIR N AL 22 AT
Fo. (V)BS[AVRIZS (B 2y B A IR, — 7T, T8 0 HEak
GEARI 2 8] 73 H AR PR RE,  HUTE R T HE K F
AT MR BT R2MEE T AN EHR. 7Z—T7
T, =PGRS [R] 43 1 2 3k DURAATT I 57 B I 18] )RS |k
AR AL OB, X T R e R A B S H A AR R AT
GhEE, BN B . W e T R R g
Jeitk, MR Z MR SE R, QB AR E
W I 5T, T T R RS A AL A B
. /R COMPEITS S£561iF B SMFI RE 5 S8l JE 2 e
N7, AR A% T R R RE 2 B — L fR PR IS BhAS
FE R RE 7752 B 5256 B 75 I8 (8] BT 40 B ) R A1, BLASRE
FEAVHBRXT R I K. R, Mk DL B AT
BRRL Rt FEAL A F T O A A R S, I 7 B R 5
. Q)T T PGEY BRI E B A K. R
I, WIS, HEARE AOLIREH R AR A L EM. K
TARAE, BEERFEHARNRRE, XL R A AN K
RSN
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EE RN

E 8%, 2017 S AR AL T WIF I K, 2022 LR
FTo I RF, WK RAERIR, AEATFRFHANE, £ %
INF 5T R A BRI RARAL T B 09 B R

IEX, dIFRFAEME, TR2AF LS TRERME.
RAIRAT A & A B T 6 89 BT .

B R, PR R ABHEIE A0, BRAR
HEEALRAFFEEALKFH, EHIMBRARHAZ AL
w B, AEBERTR KA LA SCL £ 80 2%, ZATH
B U B SRR B TR, FORRETEER
SRR T RERRABATOS SR, TERZS
B 20 TRl A TR AR LS T BN A5 TAE.
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