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Figure 1 (Color online) Schematic illustration of densities of LMSs in supported clusters and SACs [22].
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Figure 2 (Color online) (a) The M., and M., types of active site structures in M;/CeO,(110) single atom catalysts. The phase diagrams of four
types of single atom active sites Pty 0.1 (D), AUgpo.1 (€), Ptywo- (d), and Augpo. (€) under varying temperatures and sz [22].
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Figure 3 (Color online) Free energy profiles of CO, hydrogenation on the Au,/CeO,(110) single-atom catalyst along the LES (L-pathway) and
HEMS (H-pathway) (a), structures of all relevant states (b), CO, activation configurations on the LES (c¢) and HEMS (d), and turnover frequencies
(e) and coverages (f) of states as functions of temperature [22].

1.32(800 K) c
b

oo
a A
H-pathway 1.06
1.05 LTSt el — }-\c
W Y 0.56
+Hy(g) +C;Hy(g) LTS / LTs2 300 K g e
5 023 28 /

LH-pathway >
o i

o
—— 1 -0.42 > ‘?.K’
LO C,H, TS0 . o
+Hy(g) +CoH(0) +Cle) -0.60 . LINNS
L-pathwa s )
pathway N\ _-096 A e’ L2
1 +CoHy(g) S )
(g
+Hy(g) = -165 % % &
L4 L0 +CzHa(g) it > o
CHie) 3 o e R A
d \ AN 2 NNELY
¢ 13 cooc ) < H1 Lo I L LTS
N é i il G & & S s oot
side view top view side view top view ‘,V‘&c NN TSN
e f 04 H1 v-v-v-v-v-v-v-v-v-v- oo L0 ol TS0 e
29 H2 - R ol o L1
= B L2 ] CaHa(g) CzHa(9)
_______ = 7 N
e srer= 22 L S
7" 5881200 L3
v A P b
w s H-TS2
g v
g1 ® TOF §
= ——— H-pathway-contribution && L 3 ‘\‘
———{_H-pathway-contribution s ,"w
15 —— L-pathway-contribution i Z
| { H3 & Hag) H1
Pr=Pos=1 bar o Pu=Pes,=1 bar t ot .A_l
20 g - T . ' U . . . . L% i
200 400 600 800 1000 200 400 600 800 1000 gj & E
Temperature (K) Temperature (K) H-TS1 ! H2

Bl 4 (MEIRRE) Pt/CeO,(110)H 5 T AL I 2 el i M LES SHEMSE 42 1 1 i it #I T (o) T AR DA 44 (b))
LES (c)RTHEMS (d)_E 1 2RI A B, LUK AN 6L T 1 Jo A A6 () 7 2 ()

Figure 4 (Color online) Free energy profiles of SHA on the Pt;/CeO,(110) single-atom catalyst along the LES and HEMS (a), structures of all
relevant states (b), C,H, activation configurations on the LES (c), and HEMS (d), and turnover frequencies (e¢) and coverages (f) of states as functions
of temperature [22].
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1148



HEBE Y 2026 4F 0 S6 B B 4 M

CO, & ~yrrames
0.6 eV\. " = CO

vr/'*,‘
f{/‘“uw//\’

S6

= =g < = :
= 2 4
S14
—> 3 cycle
H, fo) CO,, e 0 3 V H* e
| CO & \/_‘? 20
L \ /_‘\

—> 1stcycle

—> 2nd cycle

(
\ S /s

S$16

Bl 9 (4 RRR ) Fe(IIT)RAHERG M A7 2 16 e CO,RR R REHL 3
Figure 9 (Color online) Mechanisms for eCO,RR catalyzed by the dangling active sites of Fe(III) [26].

BOWLI = FE ) A (B10). BeAk, s AL BT SR
(hydrogen evolution reaction, HER)HJVolmer:5 ¥R RE 22
e =, A RANE] T H* A AR K, ATTOREE 7 CO
P I R
B TAR @A B T E AR T Fe(11D)-N-CH 5 1
HEAGTIH T e CO,RR I & AW L IR AR Y5 AE T HL AL DK 5
TS RSN . X — RIARR T %
UK E’ﬂ‘i‘éi SRS, S shA g5 ElL
AN SR ZI b N fEAL 1 B B A R, BRI R
— R R AR FR At T A O E T A R AR R
A4 ) et B

8

Fe(IT)-N-C

w

38
&
z

, Fe(TIT)-N-¢
O /b

o. : M
S O,

Overpotential (mV)
nN
8

.ﬂ
o 8
1
n
o
)
KB
=
a
o
(2]
|
A
IS
o
3
<
a\
o
[z}
-1
o
X
b 9
3
x
Y

Iog(;(mA cm )) (dec)

Bl 10 (P48 RRR2 1) T R AL AR A AROU ) g 2 AR T SR
Fe(II) N-CHIFe(I11)-N-C & 475 A7 s _FeCO,RR[¥) Tafel i
gl

Figure 10 (Color online) Calculated Tafel plots for eCO,RR on
Fe(II)-N-C and Fe(III)-N-C dangling active sites based on the potential-
dependent microkinetic modeling [26].

3 Bg5pE

RE AR SR Z A AL T — SRR =
REEPPEVEA L, TEERZ B IA TR SOV A5
FAG. EANE AL S A AR R P T2 A7 AE &
FEPERERY], MRS =R 5 A AT AL
ARSI, 25 m AR 1) — A R 4E .
SR, HEMSAEAE DLBRAS FIRIK FE B AP AE, 3 R v
WU 5 LR AT T BB k. 52 BRI 2 7 e e, A%
GRRAET B DL E A PO i S A AR, (R, &
JEEAGEE . MR EIREIUTE, O R T
GERh. AR RGEAE S HEA DD RS A TIOMARET .

SALG I E Bz R TR L, BRI RS
JEZ PR BRSSO BN 71 5 AR, RS T LS IR
T RAT N AR 7R T AT 20 A ST 82 AR I
i 53 01547, N7 AL IR E) T ) 4544
WAL S OB AT, s B R T SRARAN BR A T
FER MR R SR A REER IR A, ek, Hlds
2221 71%%(machine learning force field, MLFF)[id\is
KIE, NEBEIGe . HREMHRER . SN %A A
BN RHOR R TR T ENLE, (ERF 1L
B N A AR F TP Bl S S5 R A L HEM S s [ B 5
YEH.

JRE AR, MR 5H AL SN B S HEMS
WEEHL, MRS LR RS R AT A R R EAF

1149



2R ANIE o B YL AR S 45 R XAl 1 5 SR T AL

BIFRAA HHEMSs AL IR &, ATRESONMIEICRL Y X BRI R, TR, B B A
f—AEETT M, MRS ES TR TRSE”. FEVERHTRE RIS SR AR

% 3wk

1

S O W N N W AW N

e
N S

15
16

18

19
20
21
2
23
24
25
26
27
28

29
30
31
32
33
34
35
36

Behrens M, Studt F, Kasatkin I, Kiihl S, Havecker M, Abild-Pedersen F, Zander S, Girgsdies F, Kurr P, Kniep BL, Tovar M, Fischer RW,
Norskov JK, Schlogl R. Science, 2012, 336: 893-897

Wang A, Li J, Zhang T. Nat Rev Chem, 2018, 2: 65-81

Guo Y, Liang J, Huang Y, Yang J, Zhang Q, Wang A, Qiao B, Li J, Zhang T. Acc Chem Res, 2025, 58: 2440-2453

Zandkarimi B, Poths P, Alexandrova AN. Angew Chem Int Ed, 2021, 60: 1197311982

Liu N, Ma XL, Li J, Xiao H. J Phys Chem C, 2021, 125: 27192-27198

Tang Y, Asokan C, Xu M, Graham GW, Pan X, Christopher P, Li J, Sautet P. Nat Commun, 2019, 10: 4488

Tao FF, Crozier PA. Chem Rev, 2016, 116: 3487-3539

Dou J, Sun Z, Opalade AA, Wang N, Fu W, Tao FF. Chem Soc Rev, 2017, 46: 2001-2027

Xu H, Rebollar D, He H, Chong L, Liu Y, Liu C, Sun CJ, Li T, Muntean JV, Winans RE, Liu DJ, Xu T. Nat Energy, 2020, 5: 623-632

Xi W, Wang K, Shen Y, Ge M, Deng Z, Zhao Y, Cao Q, Ding Y, Hu G, Luo J. Nat Commun, 2020, 11: 1919

Zhang L, Long R, Zhang Y, Duan D, Xiong Y, Zhang Y, Bi Y. Angew Chem Int Ed, 2020, 59: 6224-6229

Li J, Gong J. Energy Environ Sci, 2020, 13: 3748-3779

Zhai H, Alexandrova AN. J Chem Theor Comput, 2016, 12: 6213-6226

Gu J, Jian M, Huang L, Sun Z, Li A, Pan Y, Yang J, Wen W, Zhou W, Lin Y, Wang HJ, Liu X, Wang L, Shi X, Huang X, Cao L, Chen S, Zheng
X, Pan H, Zhu J, Wei S, Li WX, Lu J. Nat Nanotechnol, 2021, 16: 1141-1149

Liu JC, Wang YG, Li J. J Am Chem Soc, 2017, 139: 6190-6199

Li Z, Li B, Yu C. Small Struct, 2025, 6: 2400479

Liu L, Corma A. Trends Chem, 2020, 2: 383—400

Sandoval-Diaz L, Cruz D, Vuijk M, Ducci G, Havecker M, Jiang W, Plodinec M, Hammud A, Ivanov D, Gotsch T, Reuter K, Schlogl R,
Scheurer C, Knop-Gericke A, Lunkenbein T. Nat Catal, 2024, 7: 161-171

Chen Q, Xi Z, Xu Z, Ning M, Yu H, Sun Y, Wang DW, Alnaser AS, Jin H, Cheng HM. Chem Soc Rev, 2025, 54: 4567-4616

Zhai H, Alexandrova AN. ACS Catal, 2017, 7: 1905-1911

Zhang Z, Zandkarimi B, Alexandrova AN. Acc Chem Res, 2020, 53: 447458

Xia Z, Yin Y, Li J, Xiao H. Chem Sci, 2023, 14: 26312639

Wang Z, Xiao H. J Am Chem Soc, 2024, 146: 29540-29550

Bai X, Zhao X, Zhang Y, Ling C, Zhou Y, Wang J, Liu Y. J Am Chem Soc, 2022, 144: 1714017148

Qin Y, Zhao W, Xia C, Yu L, Song F, Zhang J, Wu T, Cao R, Ding S, Xia BY, Su Y. Angew Chem Int Ed, 2024, 63: 202404763

Qiu Y, Liu X, Li W, Li J, Xiao H. Angew Chem Int Ed, 2025, 64: 202424150

Qiao B, Wang A, Yang X, Allard LF, Jiang Z, Cui Y, Liu J, Li J, Zhang T. Nat Chem, 2011, 3: 634-641

Lang R, Xi W, LiuJC, Cui YT, Li T, Lee AF, Chen F, Chen Y, Li L, Li L, Lin J, Miao S, Liu X, Wang AQ, Wang X, Luo J, Qiao B, Li J, Zhang
T. Nat Commun, 2019, 10: 234

Qian S, Cao H, Wang Y, Li J. J Am Chem Soc, 2024, 146: 12530-12537

Liu JC, Tang Y, Wang YG, Zhang T, Li J. Natl Sci Rev, 2018, 5: 638—-641

Liang X, Yao S, Li Z, Li Y. Acc Chem Res, 2025, 58: 1607-1619

Liu Y, Su X, Ding J, Zhou J, Liu Z, Wei X, Yang HB, Liu B. Chem Soc Rev, 2024, 53: 1185011887

Xu'Y, Xia Z, Gao W, Xiao H, Xu B. Nat Catal, 2024, 7: 1120-1129

Cao L, Luo Q, Liu W, Lin Y, Liu X, Cao Y, Zhang W, Wu Y, Yang J, Yao T, Wei S. Nat Catal, 2019, 2: 134-141

Ding J, Liu L, Zhang J, Liu Y, Xu H, Shen Z, Yang HB, Feng X, Huang Y, Liu B. J Am Chem Soc, 2025, 147: 9601-9609

Huang JJ, Yang Y, Weinstock D, Bundschu CR, Li Q, Sarker S, Ruff JPC, Arias TA, Abrufia HD, Singer A. Nat Catal, 2025, 8: 116-125

1150


https://doi.org/10.1126/science.1219831
https://doi.org/10.1038/s41570-018-0010-1
https://doi.org/10.1021/acs.accounts.5c00305
https://doi.org/10.1002/anie.202100107
https://doi.org/10.1021/acs.jpcc.1c07706
https://doi.org/10.1038/s41467-019-12461-6
https://doi.org/10.1021/cr5002657
https://doi.org/10.1039/C6CS00931J
https://doi.org/10.1038/s41560-020-0666-x
https://doi.org/10.1038/s41467-020-15806-8
https://doi.org/10.1002/anie.201915774
https://doi.org/10.1039/D0EE01706J
https://doi.org/10.1021/acs.jctc.6b00994
https://doi.org/10.1038/s41565-021-00951-y
https://doi.org/10.1021/jacs.7b01602
https://doi.org/10.1002/sstr.202400479
https://doi.org/10.1016/j.trechm.2020.02.003
https://doi.org/10.1038/s41929-023-01090-4
https://doi.org/10.1039/D5CS00090D
https://doi.org/10.1021/acscatal.6b03243
https://doi.org/10.1021/acs.accounts.9b00531
https://doi.org/10.1039/D2SC06962H
https://doi.org/10.1021/jacs.4c09585
https://doi.org/10.1021/jacs.2c07178
https://doi.org/10.1002/anie.202404763
https://doi.org/10.1002/anie.202424150
https://doi.org/10.1038/nchem.1095
https://doi.org/10.1038/s41467-018-08136-3
https://doi.org/10.1021/jacs.4c00827
https://doi.org/10.1093/nsr/nwy094
https://doi.org/10.1021/acs.accounts.4c00857
https://doi.org/10.1039/D3CS00967J
https://doi.org/10.1038/s41929-024-01227-z
https://doi.org/10.1038/s41929-018-0203-5
https://doi.org/10.1021/jacs.4c17565
https://doi.org/10.1038/s41929-025-01289-7

REFRE: b 2026 0 56 E B4 W

37
38
39
40
41
4
43
44
45
46

47

48

49
50
51
52
53
54

55
56
57
58
59
60
61
62
63
64

Hong H, Xu Z, Mei B, Hu W, Fornasiero P, Wang C, Wang T, Yue Y, Li T, Yang C, Cui Q, Zhu H, Bao X. Science, 2025, 388: 497-502
Xie C, Chen W, Wang Y, Yang Y, Wang S. Chem Soc Rev, 2024, 53: 10852-10877

Wang Z, Goddard lii WA, Xiao H. Nat Commun, 2023, 14: 4228

Zhao K, Xiang N, Wang YQ, Ye J, Jin Z, Fu L, Chang X, Wang D, Xiao H, Xu B. Nat Energy, 2025, 10: 725-736

Liu L, Xiao H. J Am Chem Soc, 2023, 145: 14267-14275

Liu L, Xia Z, Wang Z, Chen Y, Xiao H. Sci China Chem, 2025, 68: 21-25

Luo L, Wang R, Wang T, Li J, Xiao Y, Qi K, Guo X, Feng Z, Tang J, Zhang F. J Am Chem Soc, 2025, 147: 17566—17573

Muravev V, Parastaev A, van den Bosch Y, Ligt B, Claes N, Bals S, Kosinov N, Hensen EJM. Science, 2023, 380: 1174-1179

Wang Y, Chen B, Li L, Mei X, Gu Y, Wu H, He M, Han B. Angew Chem Int Ed, 2024, 63: €¢202412062

Wang X, Xi S, Huang P, Du'Y, Zhong H, Wang Q, Borgna A, Zhang YW, Wang Z, Wang H, Yu ZG, Lee WSV, Xue J. Nature, 2022, 611: 702—
708

Lu B, Wahl C, dos Reis R, Edgington J, Lu XK, Li R, Sweers ME, Ruggiero B, Gunasooriya GTKK, Dravid V, Seitz LC. Nat Catal, 2024, 7:
868-877

Kuai C, Liu L, Hu A, Zhang Y, Zhang Y, Xia D, Nordlund D, Sokaras D, Decarolis D, Gianolio D, Xin H, Li L, Lin F. Nat Catal, 2025, 8: 523—
535

Cao X, Miao L, Jia W, Qin H, Lin G, Ma R, Jin T, Jiao L. Nat Commun, 2025, 16: 6217

Tian Y, Hou P, Zhou Y, Li Q. J Am Chem Soc, 2025, 147: 35118-35127

Sun Y, Xie Y, Chen X, Wu J, Liu P, Wang X, Tian Z, Zheng W, Jiang Z, Kang Z, Zhang Y. Nat Commun, 2025, 16: 3073

Wei J, Zhu J, Jin R, Liu Y, Liu G, Fan MH, Liu M, Jiang D, Zeng J. J Am Chem Soc, 2025, 147: 13502—-13511

Hu Y, Shen T, Wu Z, Song Z, Sun X, Hu S, Song Y. Adv Funct Mater, 2025, 35: 2413533

Ko YJ, Han MH, Kim H, Kim JY, Lee WH, Kim J, Kwak JY, Kim CH, Park TE, Yu SH, Lee WS, Choi CH, Strasser P, Oh HS. Chem Catal,
2022, 2: 2312-2327

Xia Z, Xiao H. J Chem Theor Comput, 2023, 19: 5168-5175

Melander MM, Kuisma MJ, Christensen TEK, Honkala K. J Chem Phys, 2018, 150: 041706

Sundararaman R, Goddard lii WA, Arias TA. J Chem Phys, 2017, 146: 114104

Sundararaman R, Letchworth-Weaver K, Schwarz KA, Gunceler D, Ozhabes Y, Arias TA. SoftwareX, 2017, 6: 278-284

Govind Rajan A, Carter EA. Energy Environ Sci, 2020, 13: 4962-4976

Birdja YY, Pérez-Gallent E, Figueiredo MC, Gottle AJ, Calle-Vallejo F, Koper MTM. Nat Energy, 2019, 4: 732-745

Gao D, Aran-Ais RM, Jeon HS, Roldan Cuenya B. Nat Catal, 2019, 2: 198-210

Gu J, Hsu CS, Bai L, Chen HM, Hu X. Science, 2019, 364: 1091-1094

Vijay S, Gauthier JA, Heenen HH, Bukas VI, Kristoffersen HH, Chan K. ACS Catal, 2020, 10: 7826-7835

Zeng Z, Chan MKY, Zhao ZJ, Kubal J, Fan D, Greeley J. J Phys Chem C, 2015, 119: 18177-18187

1151


https://doi.org/10.1126/science.adu6907
https://doi.org/10.1039/D3CS00756A
https://doi.org/10.1038/s41467-023-40011-8
https://doi.org/10.1038/s41560-025-01754-4
https://doi.org/10.1021/jacs.3c02447
https://doi.org/10.1007/s11426-024-2402-2
https://doi.org/10.1021/jacs.5c04676
https://doi.org/10.1126/science.adf9082
https://doi.org/10.1002/anie.202412062
https://doi.org/10.1038/s41586-022-05296-7
https://doi.org/10.1038/s41929-024-01187-4
https://doi.org/10.1038/s41929-025-01342-5
https://doi.org/10.1038/s41467-025-58570-3
https://doi.org/10.1021/jacs.5c12947
https://doi.org/10.1038/s41467-025-58424-y
https://doi.org/10.1021/jacs.5c00438
https://doi.org/10.1002/adfm.202413533
https://doi.org/10.1016/j.checat.2022.07.016
https://doi.org/10.1021/acs.jctc.3c00237
https://doi.org/10.1063/1.5047829
https://doi.org/10.1063/1.4978411
https://doi.org/10.1016/j.softx.2017.10.006
https://doi.org/10.1039/D0EE02292F
https://doi.org/10.1038/s41560-019-0450-y
https://doi.org/10.1038/s41929-019-0235-5
https://doi.org/10.1126/science.aaw7515
https://doi.org/10.1021/acscatal.0c01375
https://doi.org/10.1021/acs.jpcc.5b03169

2R ANIE o B YL AR S 45 R XAl 1 5 SR T AL

Single-atom catalysis driven by intrinsic high-energy metastable
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Abstract: In heterogeneous catalysis, high-energy metastable structures (HEMSs), although present at vanishingly low
concentrations under equilibrium conditions, can dominate reaction pathways and are reshaping our understanding of
catalytic active sites. This work provides a general account of the formation mechanisms and catalytic properties of
HEMSs in single-atom catalysis, emphasizing the pivotal role of theoretical computational approaches in elucidating
their fundamental functions. It is demonstrated that HEMSs can be activated under thermal excitation or external
potential modulation, and their distinct coordination environments and electronic structures confer exceptional activity
and selectivity in both thermal and electrochemical reactions. These insights highlight the decisive role of HEMS as
minority, offering both new understanding and a promising avenue for the rational design of high-performance catalysts.
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