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Figure 1 (Color online) Comparison of morphologies of metal nanoparticles between MSR model reconstruction and in-situ experimental
observations [3,9,21,23,25-29]. (a) Shapes of Cu/ZnO without and with water vapor. The experimental results are derived from Ref. [3] (Copyright
2002, The American Association for the Advancement of Science), and the theoretical results are sourced from Ref. [21] (Copyright 2016, The
American Chemical Society). (b, ¢) Pd NPs under 1 bar O, at 200 °C, and 1 bar H, at 300 °C. Reproduced with permission from Ref. [25]. Copyright
2017, The Royal Society of Chemistry. (d) Pd NPs under 1 bar N, at 200 °C. Reproduced with permission from Ref. [26]. Copyright 2018, The Royal
Society of Chemistry. () PdCu NP under 1 bar H, at 600 K. Reproduced with permission from Ref. [29]. Copyright 2016, Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim. (f) Pd NP morphology in CO/O,. Reproduced with permission from Ref. [30]. Copyright 2022 The Authors. (g) Au NPs on
r-TiO,(110) surfaces under 1 bar O,. Reproduced with permission from Ref. [28]. Copyright 2019, The American Chemical Society. (h) Cu/ZnO with
and without water vapor. The experimental results are derived from Ref. [3] (Copyright 2002, The American Association for the Advancement of
Science), and the theoretical results are sourced from Ref. [27] (Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim).
(i) Pt/SrTiO5(110) under vacuum, 300 mbar H, at 500 and 200 °C. Reproduced with permission from Ref. [27]. Copyright 2018, Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.
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Figure 2 (Color online) Surface segregation of binary alloys in CO
environment [31]. Reproduced with permission from Ref. [31].
Copyright 2019, American Chemical Society.
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Table 1 Comparison between surface composition and calculated surface segregation energy (eV) of bimetallic alloy under CO environment [31]

AR AH SRS IRE SLG R 2H 4y WHTEE (eV)
298 K, 1 bar PtE 4 -0.19
Pt/Ni 673K, 1 bar Nk 538 —-0.08
873 K, 1 bar Pt % -0.16
298 K,17 Pa PdAUA 4 —0.04
Pd/Au N
373 K,17 Pa P FE B 0.38
Ultra-high vacuum (UHV) Cug £ 0.22
Ni/Cu S
200 K, 0.5 Torr Ny & 38 —-1.02
300 K, 200 Pa PtE £ -1.26
Pt/Cu
623 K, 200 Pa PtCu& 4 —-0.12
Co/Pt 473 K, 1 bar PtE 4 1.1
Pd/Cu 523 K, 1~40 Torr PdE4E —0.22~—0.15
Pd/Au 473 K PdE% —-0.38
Pt/Sn 323K PtE % —-0.56
Au/Cu 300~470 K, 10~* Pa AuEE -0.58
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Table 2 Comparison among kinetic Monte Carlo simulation, molecular dynamics simulation, and grand canonical Monte Carlo simulation
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Figure 3 (Color online) (a) kMC simulation of structural evolution of
Pt cubic hollow nanocage at 200 °C. (b) Comparison of thermal stability
of Pt cubic hollow cage and Wulff structure hollow cage at 400 °C [61].

Reproduced with permission from Ref. [61]. Copyright 2018, Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim.

i 54 F I ER R T H S R/ R 5. B
FRORLGe 5 RST 2 W ok, Rk 5 S RRL 5 R i
Z [AAE FH e B 22 2R T /) L 2 JORE 7 48 31 3% T 7 e
B ARE, MR 2 I EVFIRAS [F1 2 S 80RES . FRATTAR
AL A RURL B ER Fl A (particle  hopping and coales-
cence, PHC). 1ALl Tz~ AN BURL RIS 7E A [R] 2 i 4
AT DU 7 R R ARl RIFE L SE TTALT, AL
LS L Z BTN RS 5 KA. [ Z AL ] DL
fERE L AR B R I AR

T EIE W] DL RS 9T B A 22 0 55T IR A 7 3R
(LR ANE R A PSR Bl e 206§ SR = L 2N
B, AR I 1) S 4378 i B T2 e i lf 4 2R



T E R

2026 4F

Fset F1M

(a) (b)
6.6%10° T
@ @ @ Start )
Initial shape of Events of Pt NP in Pt NP | g6-4x10 -
catalyst model COgas reconstruction Define FCC lattice <+
_____~COadsides (e.g., R_NP1) | gs.zno
293 }2' i @ GD Initialize state of system N . o W
}1" migrati{g of ( atom location, adsorption, ) I
!)!‘ ' 4 ,)‘J/ Piwith CO gas condition, etc.) 10 20 30 40
23 )\f'jf) Yalels CO fiffusjon = Dynamic structure
134595%0%0%4 gl |4 : ©
FFFFFO Calculate rates for  Update e . .
g E $ possible events of <] < &9 !
EKMC current state _ﬁ -
N 5 | v
w \
RKMC <] \/
% Determine Obtain the = o . S
€O adsides occurring occurred time,
S (%— event and update time & d nmomowvovov
§ . Zon co location times ( ) Dynamic structures
B * diffusion) o 1 %1/\ i
gl et ':c.v 10°- E%E ® n (111)
% i 2 wSé.i’Jg n | @ Update state of system ‘g’o . .
d .
E ! L O diffusions” | ;;
(e.g., R_NP1) Activity of Pt Events of Pt re-NP Is KMC times > target _No go.s o 3 -
Activity map of Pt re-NPs for CO in CO oxidation steps L .
re-NP oxidation reaction 1 Yes 5 W
@ @ @ End 207 I R ARV
Dynamic structures Actiity: Log(TOF):3.5-0.5

B4 (MK (a) SN J122 50 R 2 TTE RN ) J) 22 SRR 2 TR UK A TR AE S SR BE (KA 205

FIFFLE. (b~d) PLIERILES00 K\ 1000 Pa COFI500 Pa O35 T (B ARMEAL M RECEE MR Z) . (111 T RE

SRJEE, St (e)NF LG ) Pk e = iR T
Figure 4 (Color online) (a) Flowchart of the process to explore the structure-activity relationship of nanocatalyst under reaction conditions by
combining the environmental kinetic Monte Carlo (EKMC) and reaction kinetic Monte Carlo (RKMC) methods. (b—d) The catalytic activities
(turnover frequency, TOF) of the whole particle, (111) surface of the particle, potential adsorption probability of CO and O, and (e) the three-
dimensional (3D) activity map of corresponding structures of Pt nanoparticle under 800 K, 1000 Pa CO and 500 Pa O,. Reproduced with permission

R I COAMOMELFff

from Ref. [67]. Copyright 2024, The Authors.

WARE]. Pk, JATH %S RHAGCMCIT %, 1334 R H
BNWERT 2 FHIE SR, B2 HEKMC 143
PNZE S TR EN, B 5@ a4
PR BRI 78 75 P SO R SR T B AL, B B3R 78 5
FEWCSUR, 155 e i3 T E A A5 F (K6) ™. FIH L
BEKMC+GCMC /¥, FRATTHEAT T /NP il R
e I Cu(100) R H 7ECOL I8 JF R 4G L A7(=0.2 V) T,
K JeB Culi Tk, 485 3R TH IR T3 5 4 1 14,
TR A A IE T AR 48 T/ B 7%, (RIS 3R 10 -
FIRZHE. DFTUHA BN, RIEANCuli +HAF T
FREA R, 4)5 7 %A T 8CO, i F+
TERCFbE. WA TR 7E TO0 %A T 43R i A%
R EE AR ECR, UG AT B8 SE I LA AL e LIRS
PERIE B 1) AL 4.

3 RARIZSHERF
SRR 85— LR 8 S 1 B A2 2R 4

I ER AR AL S MIATL A ATV i LR R ARS8 5 Tk
HAR, ZINERUE TG RA Y — 2 R RSP,
SKPRAE UL T, BEE AR Eh A AE 1L, #Efe
FRH T SR A S AR K B A R R AL IRV L e, ety
—VERRIR, it PR S AL R (R T LA AE R
58— P BB T SRR R B TR AL 7R ) BE ARV RE. A
YL AR T ST A R SR B R AN [ L )
PEMSCE, DU 2> 7 IR A . 2T b5y
Iy A RN EN) 7757 T3 945 BN A T AL IS 1
e, BATR VLR Ol a2 0 e Ash o 2 5
B IR DRI S M fE.

3.0 NS AE b

T IO X 28 BRI 31 0 2 0 A A2 A T AL
W98 B B 27 da R 3a fel, AATTRT BLTHR H AR
A T AEAL ORI B4 A0 () A4 7 5 B DA R e N T
HlOT Sppske EHPR ORI T 5 | 3O
M AL, WiChemKin ™, Cantera”, FH LA

21



RS N T (R AL B AS S A AL I B e

(@)[o

5.40 s

-
:

30.96 s

e

TR

47.77 us @ 71.63 us §g

156.91 ps 157.07 ps

4

&

60.05 us

60.17 s

#

60.48 s

&

69.31 us

&

B 5 (MBIHCEIR) S50 24525 R B 7B TIO,(101) R H 7 3 A & R AES bar COSEAI400°C T I8 i Wh ik b4 4L
HIR L = 2. (a) — MEFRFRLA— N BRI RS, (b) BNEREURIRE. () PIMNWILETEAE 17 PR A AN [F) 8 s ey I v

kL 51

Figure 5 (Color online) Environmental kinetic Monte Carlo simulation of three sintering trajectories of two supported Au nanoparticles at TiO,(101)
surface under 5 bar CO pressure and 400 °C by particle hopping and coalescence mechanism. (a) Sintering of one floating particle and one supported
particle. (b) Sintering of two floating particles. (c) Sintering of two floating particles initially deposited at two distance-defined separated substrates.
Reproduced with permission from Ref. [60]. Copyright 2025, American Chemical Society.
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Theoretical advances of simulating the dynamic structures of metal
nanocatalysts under reaction conditions
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Abstract: Metal catalysts are among the most widely used in heterogeneous catalysis. For decades, it was tacitly
assumed that reactive molecules undergo adsorption, reaction, and desorption on a static catalyst structure. However,
recent in-situ studies have revealed that the structures and surface compositions of metal catalysts continuously evolve
under reactive conditions. Consequently, the conventional approach of correlating catalytic activity with fixed catalyst
structures fails to capture the true structure-activity relationship under operational conditions. Understanding the
dynamic evolution of metal catalyst structures during reactions is therefore essential for establishing accurate structure-
activity relationships. In this paper, we first briefly review recent advances in theoretical methods in this field, then focus
on the multiscale simulation techniques developed by our group and their applications in predicting morphological
changes and real-time restructuring processes of metal catalysts. Finally, we provide a perspective on the future of in-situ
simulations in heterogeneous catalysis.
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