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1. The architecture of global neural network potential
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Scheme S1. Scheme of the HDNN architecture. The subscripts (1, i,..., N) are atom indices and represent
the total atoms in a structure. The inputs of NN are a set of structural descriptors {G}, which are con-
structed from the Cartesian coordinates {R} of the structure, while the outputs of NN are the atomic
properties { E, Fi, Si }, i.e., energies, forces, and stresses. The overall properties, £, F°t, and $'!, can be
calculated from the individual atomic contributions.

In this work, we utilized the high dimensional neural network (HDNN) scheme to construct the global
NN (G-NN) potential, as shown in Scheme S1. The input nodes to NN are a set of structural descriptors
of a structure, as discussed in our previous works.}™ The total energy E®! of the structure can be com-

posed as a linear combination of its atomic energy E' from the output of NN
E*t =%, E; (S1)

Consistently, the atomic force can be analytically derived from the total energy, i.e., the force com-
ponent Fiq (a0 = X, y, or z) acting on atom k is the derivative of the total energy E*" with respect to coor-
dinate R,«. In combination with Eq. S1, the force component Fi. then is related to the derivatives of the
atomic energy E' with respect to the jt structural descriptors of atom i, G;;

agtot _y 0E; 0Gj;
ORy Y06 0Ry

Fra = — (S2)

Similarly, the element oqg of static stress tensor matrix can be analytically derived as

(rd)a(rd)B 0E; an,i
rd an,i arg

1
Oap = =5 2ijd (S3)

where ry and rg are the distance vector, constituted by G;; and its module, respectively, and V is the

volume of the structure.



2. SSW-NN simulation

2.1 SSW method

The stochastic surface walking (SSW) algorithm* has an automated climbing mechanism to manip-
ulate a structure configuration from a minimum to a high-energy configuration along one random mode
direction. The method was initially developed for aperiodic systems, such as molecules and clusters®,

and has been extended to periodic crystals®.

The SSW method inherits the idea of bias-potential driven constrained-Broyden-dimer (BP-CBD)
method for TS location’. In one particular SSW step a modified PES V, as shown in Eq. S4, is utilized for
moving from the current minimum, R™ to a high energy configuration R” by adding a series of bias Gauss-
ian potential v, (n=1...H). The bias potentials are added one by one consecutively along the direction N”

that defines the walking direction.

2
Vo= real T Zg=1vn = Vreal + Zg=1 Wy, X exp [_ ((R - Rn_l) ’ Nn) /(2 X dsz)] (54)

In the equation R is the current coordination vector of the structure and Vieq represents the unmodified
PES; R" is the n local minima along the movement trajectory on the modified PES that is created after
adding n Gaussian functions. The Gaussian function can be further controlled by its height w and its
width ds. Once the maximum number of Gaussian functions (e.g. H=9) is reached, all bias potentials are

removed and the local optimization is performed to quench the structure to a new minimum.

2.2 SSW-NN method

SSW-NN method is a machine-learning potential based global optimization method, which combines
the global neural network (G-NN) potential with SSW method for fast and accurate global PES explora-
tion as implemented in LASP code.® While traditional DFT calculations are frustrated for the global opti-
mization of complex systems due to the high computational cost, SSW-NN method provides a general
solution for PES scanning with both high efficiency and high accuracy.’ The G-NN potential is trained
based on DFT dataset and delivers a high speed of PES evaluation, ~4 orders of magnitude faster than
DFT.23 In our SSW-NN simulation for the surface oxides on Ag metal, the van der Waals correction was
amended on G-NN PES by using D3 method with zero damping,%!! since it is important for accurately

describing the behaviors of Ag surface oxides.!?



2.3 Dataset generation and training of the initial Ag-C-H-O G-NN
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Scheme S2. Procedure for the generation of the global training dataset by SSW global optimization. In
the first stage, the SSW sampling is typically performed by low accuracy DFT calculations. In the second
stage, the global dataset is first refined with high accuracy DFT setups, and then a NN training is per-
formed based on the accurate global dataset. In the third stage, an additional dataset is generated by
SSW sampling utilizing the previously obtained NN PES, and is fed into the global dataset. A new cycle
of NN training then starts based on the new global dataset (back to stage 2).

Before the ASOP simulation, an Ag-C-H-O G-NN potential is available from LASP G-NN library 3. Now

we briefly introduce the procedure to generate this initial G-NN potential.
The quality of the potential energy surface (PES) of G-NN is largely determined by its training dataset.
We utilized the stochastic surface walking (SSW) global optimization to generate a global dataset, which
is fully automated and does not need a priori knowledge on the system, such as the structural motif, e.g.
bonding patterns and symmetry. The final obtained Ag-C-H-O global dataset contains a variety of struc-
tural patterns on the global PES, as summarized in Table S1. In brief, the SSW-NN method involves three

stages to generate the global dataset (see Scheme S2), as described below.



(i) The first stage generates a raw dataset, which contains the most common atomic environment
and serves to build an initial NN PES. This is done by performing density functional theory (DFT) SSW
global optimization in a massively parallel way. In this stage, the DFT calculations have low accuracy set-
ups and small unit cells to speed up the SSW search. By collecting and screening the structures from SSW
trajectories, a raw dataset is obtained.

(ii) The second stage trains a NN global PES. This is done by refining the dataset using DFT calcula-
tions with high accuracy setups, followed by NN training on the accurate global dataset. The NN archi-
tecture applied in this stage utilizes a small set of structural descriptors and a small network size.

(iii) The third stage iteratively expands the global dataset. It targets to increase the predictive power
of NN PES by incorporating more structural patterns into the dataset. This is done by performing SSW
PES search using the NN PES obtained in the second stage, starting from a variety of initial structures.
These initial structures are randomly constructed, and also include large systems with many atoms per
unit cell. The structures from all the SSW trajectories are collected and filtered to generate an additional
dataset. The new dataset is then fed to the global dataset to start a new cycle of NN training (back to

stage 2).

Table S1. Structure information of the final dataset for G-NN training of Ag-C-H-O potential. Listed data
are the number of the structures in the global dataset, as distinguished by the chemical formula, the

number of atoms (Natoms), the type of structures (cluster, bulk, layer) and its total number (Ntotal).

Chemical Formula Natoms Ncluster Nlayer Nbulk Ntotal

Agl4 14 0 3 30 33
Agl5 15 85 5 726 816
Agl6 16 0 1 6554 6555
Agl7 17 0 0 19 19
Ag28 28 0 0 34 34
Ag29 29 0 15 0 15
Ag30 30 0 31 32 63
Ag31 31 0 0 74 74
Ag32 32 0 2 93 95
Agb4d 64 0 94 0 94
01-Agl6 17 0 7 32 39
01-Agl8 19 23 0 0 23
01-Ag20 21 0 1 11 12
0O1-Ag21 22 0 1 0 1
0O1-Ag24 25 0 0 62 62
02-Agl6 18 0 6 53 59
02-Agl9 21 0 2 0 2
02-Ag20 22 0 2 9 11
02-Ag78 80 0 43 0 43



03-Agl6
03-Ag20
03-Ag33
03-Ag37
04
04-Agl6
04-Ag24
04-Ag76
05-Ag8
05-Ag35
05-Ag76
06-Agl
06-Ag8
06-Agl6
06-Ag30
06-Ag34
06-Ag68
06-Ag72
06-Ag75
06-Ag76
07-Ag8
08-Ag6
08-Ag8
08-Agl6
08-Ag24
08-Ag28
08-Ag70
08-Ag72
09-Ag8
010-Ag8
010-Ag16
010-Ag24
010-Ag72
011
011-Agl6
011-Ag25
011-Ag69
011-Ag71
011-Ag72
012-Ag8
012-Ag16
012-Ag24
012-Ag72
012-Ag85
012-Ag88
014-Ag16
015-Ag16
015-Ag21
015-Ag77
016-Ag12
016-Ag16
016-Ag32
018-Ag18
018-Ag97
020-Ag16
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31
36
92
28
32
48
36

115
36
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022-Ag16
024-Ag16
035-Ag210
036-Ag210
H1-Agl6
H1-03-Ag32
H1-05-Ag34
H1-06-Ag29
H1-08-Ag27
H1-011-Ag24
H1-013-Ag65
H1-015-Ag20
H1-018-Agl7
H1-020-Ag15
H2-Ag16
H2-01-Ag27
H2-03-Ag31
H2-06-Ag28
H2-08-Ag26
H2-011-Ag23
H2-015-Ag19
H2-018-Agl6
H2-020-Agl4
H2-C1-02-Ag16
H2-C1-02-Ag27
H2-C2-03-Ag27
H3-Agl6
H3-03-Ag30
H3-03-Ag34
H3-06-Ag27
H3-08-Ag25
H3-011-Ag22
H3-015-Agl8
H3-018-Ag15
H3-020-Ag13
H3-C1-02-Ag18
H3-C2-02-Ag32
H3-C2-03-Ag23
H3-C2-03-Ag24
H3-C2-03-Ag27
H4-Ag12
H4-03-Ag29
H4-06-Ag26
H4-08-Ag24
H4-011-Ag21
H4-015-Agl7
H4-018-Agl4
H4-020-Ag12
H4-C1-02-Ag36
H4-C1-03-Ag27
H4-C1-03-Ag36
H4-C1-03-Ag48
H4-C1-04-Ag64
H4-C2-01-Ag64
H4-C2-02-Ag27
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H4-C2-03-Ag20 29 0 5 0 5
H4-C2-04-Agll 21 0 12 4 16
H4-C2-04-Agl2 22 0 526 445 971
H4-C2-04-Ag24 34 0 46 2 48
H4-C2-04-Ag26 36 0 5 0 5
H4-C2-04-Ag27 37 0 400 11 411
H4-C2-04-Agb4 74 0 10 0 10
H4-C2-05-Ag24 35 0 12 0 12
H4-C2-06-Agd4 56 0 318 0 318
H4-C2-06-Ag60 72 0 59 0 59
H4-C2-06-Ag74 86 0 20 0 20
H4-C2-06-Ag76 88 0 127 0 127
H4-C2-07-Ag4l 54 0 101 0 101
H4-C2-07-Ag43 56 0 106 0 106
H4-C2-08-Ag45 59 0 100 0 100
H4-C2-08-Agb4 78 0 28 0 28
H4-C2-08-Ag76 90 0 30 0 30
H4-C2-010-Ag4l 57 0 99 0 99
H4-C2-010-Ag43 59 0 90 1 91
H4-C2-010-Ag45 61 0 108 6 114
H4-C2-011-Ag42 59 0 176 0 176
H4-C2-011-Ag43 60 0 487 3 490
H4-C2-011-Ag44 61 0 96 0 96
H4-C2-011-Ag45 62 0 183 0 183
H4-C2-011-Ag53 70 0 7 0 7
H4-C2-012-Ag20 38 0 36 0 36
H4-C2-012-Ag4l 59 0 299 1 300
H4-C2-012-Ag42 60 0 112 0 112
H4-C2-012-Ag43 61 0 207 1 208
H4-C2-012-Ag44 62 0 98 1 99
H4-C2-012-Ag53 71 0 124 0 124
H4-C2-012-Ag77 95 0 20 0 20
H4-C2-012-Ag78 96 0 20 0 20
H4-C2-012-Ag85 103 0 46 0 46
H4-C2-012-Ag86 104 0 20 0 20
H4-C2-013-Ag4l 60 0 97 1 98
H4-C2-013-Ag45 64 0 277 0 277
H4-C2-016-Agl16 138 0 619 0 619
H4-C2-020-Ag92 118 0 101 0 101
H4-C2-020-Ag93 119 0 40 0 40
H4-C2-020-Ag95 121 0 89 0 89
H4-C2-020-Ag96 122 0 89 0 89
H4-C2-032-Ag56 94 0 80 0 80
H4-C2-036-Ag211 253 0 9 0 9
H6-C1-01-Ag27 35 0 62 6 68
H6-C1-02-Ag27 36 0 413 22 435
H6-C1-03-Agl2 22 0 132 184 316
H6-C2-02-Ag36 46 0 530 0 530
H6-C2-03-Ag36 47 0 523 0 523
H6-C2-03-Ag48 59 0 161 0 161
H6-C2-04-Ag36 48 0 517 0 517
H6-C3-01-Ag48 58 0 160 0 160
H6-C3-01-Agb4 74 0 1000 0 1000
H8-Ag8 16 9 0 7 16
H8-06-Ag58 72 0 39 0 39



H8-012-Ag52
H8-016-Ag48
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H8-C4-04-Ag25
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H8-C4-04-Ag27
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H12-C6-05-Ag50
H12-C6-05-Ag51
H12-C6-06-Ag36
H12-C6-06-Ag37
H12-C6-06-Ag38
H12-C6-06-Ag39
H12-C6-06-Ag40
H12-C6-06-Ag4l
H12-C6-06-Ag42
H12-C6-06-Ag43
H12-C6-06-Agd4
H12-C6-06-Ag48
H12-C6-06-Ag50
H12-C6-06-Ag51
H12-C6-06-Ag55
H12-C6-06-Ag56
H12-C6-06-Ag57
H12-C6-06-Ag58
H12-C6-06-Ag62
H12-C6-06-Ag76
H12-C6-07-Ag42
H12-C6-07-Ag43
H12-C6-07-Ag44l
H12-C6-07-Ag45
H12-C6-07-Ag46
H12-C6-07-Ag47
H12-C6-07-Ag48
H12-C6-07-Ag49
H12-C6-07-Ag50
H12-C6-07-Ag51
H12-C6-07-Ag54
H12-C6-07-Ag55
H12-C6-07-Ag56
H12-C6-07-Ag57
H12-C6-07-Ag58
H12-C6-07-Ag59
H12-C6-07-Ag62
H12-C6-07-Ag67
H12-C6-08-Ag48
H12-C6-08-Ag49
H12-C6-08-Ag50
H12-C6-08-Ag51
H12-C6-08-Ag53
H12-C6-08-Ag54
H12-C6-08-Ag55
H12-C6-08-Ag56
H12-C6-08-Ag57
H12-C6-08-Ag58
H12-C6-08-Ag59
H12-C6-08-Ag60
H12-C6-08-Agb1
H12-C6-08-Ag62
H12-C6-08-Ag63
H12-C6-08-Ag65
H12-C6-08-Ag66
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H12-C6-08-Ag67
H12-C6-08-Ag68
H12-C6-09-Ag53
H12-C6-09-Ag54
H12-C6-09-Ag55
H12-C6-09-Ag57
H12-C6-09-Ag58
H12-C6-09-Ag59
H12-C6-09-Agb1
H12-C6-09-Ag62
H12-C6-09-Ag63
H12-C6-09-Ag65
H12-C6-09-Ag66
H12-C6-09-Ag67
H12-C6-09-Ag68
H12-C6-09-Ag69
H12-C6-09-Ag70
H12-C6-09-Ag71
H12-C6-09-Ag72
H12-C6-010-Ag53
H12-C6-010-Ag54
H12-C6-010-Ag55
H12-C6-010-Ag57
H12-C6-010-Ag58
H12-C6-010-Ag59
H12-C6-010-Ag60
H12-C6-010-Ag62
H12-C6-010-Ag63
H12-C6-010-Ag64
H12-C6-010-Ag66
H12-C6-010-Ag67
H12-C6-010-Ag68
H12-C6-010-Ag69
H12-C6-010-Ag70
H12-C6-010-Ag71
H12-C6-010-Ag72
H12-C6-011-Ag54
H12-C6-011-Ag57
H12-C6-011-Ag61l
H12-C6-011-Ag62
H12-C6-011-Ag63
H12-C6-011-Ag64
H12-C6-011-Ag66
H12-C6-011-Ag67
H12-C6-011-Ag68
H12-C6-011-Ag72
H12-C6-012-Ag54
H12-C6-012-Ag58
H12-C6-012-Ag59
H12-C6-012-Ag61l
H12-C6-012-Ag62
H12-C6-012-Ag66
H12-C6-012-Ag67
H12-C6-012-Ag68
H12-C6-012-Ag72

100

101

88
89
91
92

97
98
102
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H12-C6-012-Ag88
H12-C6-013-Ag58
H12-C6-013-Ag59
H12-C6-013-Ag62
H12-C6-013-Ag63
H12-C6-013-Agb6
H12-C6-013-Ag67
H12-C6-013-Ag71
H12-C6-013-Ag72
H12-C6-014-Ag63
H12-C6-014-Ag67
H12-C6-014-Ag71
H12-C6-014-Ag72
H13-05-Agl2
H14-07
H15-Agb
H16-Ag5
H16-08
H16-C8-05-Ag48
H16-C8-05-Ag49
H16-C8-05-Ag50
H16-C8-05-Ag51
H16-C8-06-Ag48
H16-C8-06-Ag49
H16-C8-06-Ag50
H16-C8-06-Ag51
H16-C8-07-Ag48
H16-C8-07-Ag49
H16-C8-07-Ag50
H16-C8-07-Ag51
H16-C8-08-Ag48
H16-C8-08-Ag49
H16-C8-08-Ag50
H16-C8-08-Ag51
H16-C8-08-Ag52
H16-C8-08-Ag53
H16-C8-08-Ag54
H16-C8-08-Ag55
H16-C8-09-Ag71
H16-C8-09-Ag72
H16-C8-010-Ag71
H16-C8-010-Ag72
H16-C8-011-Ag71
H16-C8-011-Ag72
H16-C8-012-Ag71
H16-C8-012-Ag80
H16-C8-013-Ag71
H16-C8-015-Ag71
H23-Ag9
H23-011-Agl6
H24-011-Agl6
H25-011-Agl6
H30-015
total

118
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98

102

103
95
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3. DFT calculations

All DFT calculations are performed using the plane-wave VASP package.'* The kinetic energy cutoff
was set as 450 eV, the electron-ion interaction was represented by the projector-augmented wave
(PAW) pseudopotential, and the exchange functional was evaluated with the GGA-PBE.'> The Monk-
horst-Pack k-mesh was 30 times the reciprocal lattice vectors (1/30 A1) for optimization, and was 40
times the reciprocal lattice vectors (1/40 A1) for single point calculations based on the optimized geom-
etry, where the final energy is obtained. For all structures, the energy and force were converged to less
than 10 eV and 0.05 eV/A. The van der Waals interaction was considered by using DFT-D3 method

with zero damping.101?
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4. The Gibbs free energy computation

In this work, g is set as the energy of a Ag atom in bulk silver.
For i, it can be calculated from the thermodynamics equation as
po(T,p) = (uo2(T,p°=1bar) + ksTIn(Po2/p°)) / 2
where wo(T,p°) is the zero reference state of .. To avoid the use of DFT energy of spin-polarized O
molecule, the standard molar enthalpy of formation of Ag,0 (at 298.15 K, AsHn(Ag20) = -0.323 eV)® is
then used to determine the uoz:
Hoa(T,p°) = ( H(Ag20) — 2H(Ag) — AsHm(Ag20) ) x 2 + Apioa(T,p°)

where H(Ag20) and H(Ag) is the enthalpy of bulk Ag,0 and Ag on 298.15 K, which can be approximated
as the ZPE corrected total energies of a Ag,0 and Ag atom in bulk. Azoz(T,p°) item is the chemical po-
tential variation of 1 bar O, from 298.15 K (in enthalpy) to T (in free energy), as obtained to be -1.08 eV

by thermodynamic equations under typical ethylene epoxidation condition, T = 500 K and 1 bar of O,.
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5. The benchmark of G-NN potential against DFT

Table S2. Benchmark of G-NN potential against DFT for the calculated y values of 30 low energy surface
oxides on Ag(111). Listed data are the stoichiometry of the structure, the A value of its surface periodicity,
the total number of atoms (Natoms), the energies in NN (Exn) and DFT (Eper) level, and the difference of

NN and DFT energies (Enn-orr) in the unit of eV and meV/atom.

Stoichiometry A Natoms Enn(eV) Eper (eV) Enn-ort (€V) Enn-orr (MmeV/atom)

Ag504 8 41 -131.732  -131.812 0.0799 1.949
Ag707 12 62 -200.656 -200.738 0.0814 1.313
Ag505 8 42 -136.833 -136.987 0.1537 3.66

Ag806 10 54 -174.86 -175.062 0.202 3.741
Ag405 8 41 -133.413 -133.542 0.1295 3.159
Agl1007 12 65 -210.19 -210.302 0.1127 1.734
Ag708 12 63 -205.962 -205.911 -0.0512 -0.813
Ag707 11 58 -189.102 -189.21 0.1083 1.867
Ag905 12 62 -196.298 -196.54 0.2425 3.911
Ag706 10 53 -171.645 -171.691 0.0462 0.872
Ag504 8 41 -131.196 -131.349 0.1526 3.722
Ag60O7 11 57 -185.731 -185.715 -0.016 -0.281
Ag808 12 64 -209.129 -209.232 0.1025 1.602
Ag705 10 52 -166.314 -166.358 0.0437 0.84

Ag806 12 62 -198.583 -198.713 0.1309 2.111
Ag706 10 53 -172.297 -172.277 -0.0205 -0.387
Ag606 10 52 -168.95 -169.008 0.058 1.115
Ag706 11 57 -183.955 -184.079 0.1245 2.184
Ag906 12 63 -201.756 -202.092 0.3356 5.327
Ag706 12 61 -195.214 -195.457 0.2432 3.987
Ag907 12 64 -207.168 -207.163 -0.0056 -0.087
Ag805 10 53 -169.511 -169.793 0.2813 5.308
Ag707 10 54 -177.157 -177.118 -0.0391 -0.724
Ag807 12 63 -203.867 -204.015 0.1487 2.36

Ag506 10 51 -165.266 -165.316 0.0504 0.988
Ag1006 12 64 -204.873 -204.994 0.1214 1.897
Ag806 11 58 -186.8  -186.971 0.1702 2.934
Ag705 11 56 -178.286 -178.422 0.1364 2.436
Ag60O7 10 53 -174.041 -173.957 -0.0842 -1.589
Ag804 10 52 -164.151 -164.338 0.1872 3.6
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Table S3. Benchmark of G-NN potential against DFT for the calculated y values of 30 low energy surface
oxides on Ag(100). Listed data are the stoichiometry of the structure, the A value of its surface periodicity,
the total number of atoms (Natoms), the energies in NN (Exn) and DFT (Eper) level, and the difference of

NN and DFT energies (Enn-orr) in the unit of eV and meV/atom.

Stoichiometry A Natoms Enn(eV) Eper (eV) Enn-ort (€V) Enn-orr (MmeV/atom)

Ag705 8 44 -141.716 -141.844 0.1283 2.916
Ag706 10 53 -169.997 -170.059 0.0625 1.179
Ag806 9 50 -161.766 -161.906 0.1398 2.796
Ag906 12 63 -199.526 -199.643 0.1173 1.862
Ag906 12 63 -199.524 -199.612 0.0878 1.394
Agd04 5 28 -92.1264 -92.0762 -0.0502 -1.793
Ag808 10 56 -184.263 -184.167 -0.0951 -1.698
Agl1007 11 61 -196.438 -196.581 0.1438 2.357
Ag906 12 63 -199.452 -199.475 0.0227 0.36

Ag1008 12 66 -213.473  -213.69 0.2168 3.285
Ag302 4 21 -66.5331 -66.5875 0.0544 2.59

Ag604 8 42 -133.052 -133.173 0.1213 2.888
Agb04 8 42 -132.86 -132.927 0.0669 1.593
Ag1006 12 64 -202.659 -202.803 0.1445 2.258
Ag1008 12 66 -213.473 -213.667 0.1942 2.942
Ag1007 12 65 -208.112 -208.459 0.3472 5.342
Ag807 12 63 -201.647 -201.801 0.1533 2.433
Ag606 10 52 -166.898 -167.001 0.1032 1.985
Ag706 10 53 -169.987 -170.094 0.1069 2.017
Agl1007 11 61 -196.445 -196.628 0.1826 2.993
Agb04 7 38 -121.493 -121.638 0.145 3.816
Ag302 4 21 -66.5241 -66.5606 0.0365 1.738
Agl1007 12 65 -207.908 -208.172 0.2637 4.057
Ag604 7 38 -121.489 -121.613 0.1241 3.266
Ag806 9 50 -161.73  -161.922 0.1916 3.832
Ag906 12 63 -199.441 -199.495 0.0538 0.854
Ag1008 12 66 -213.487 -213.701 0.2146 3.252
Agb04 8 42 -132.845 -132.928 0.0833 1.983
Ag1006 12 64 -202.65 -202.772 0.1216 1.9

Ag604 8 42 -133.042 -133.095 0.0523 1.245

The benchmark of G-NN potential against DFT is conducted by comparing the y values of low energy
30 surface oxides on Ag(111) and Ag(100) with those calculated by DFT. The data can be found in Table
S2 and S3, in which the maximum and root mean square (RMS) errors for the energy of surface oxides
on Ag(111) are 5.327 and 2.627 meV/atom, while that on Ag(100) are 5.342 and 2.635 meV/atom, re-

spectively.
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6. The PES contour map construction

To construct the PES map, we utilized the Gaussian smearing method to map discrete grid points
to a continuous contour plot. This is demonstrated in the following for Ag(111). Figure S1 left shows the
data obtained from the phase database after the ASOP simulation, where each point corresponds to one
composition with the specified Ag and O coverage and the color represents its y value (the lowest y value
of the composition from the phase database). For each point, a Gaussian smearing with =0.1 ( 0.1 ML)
is conducted for 2D-interpolation, see Eqg. (9) in the main text. This will yield the smeared value for
neighboring grid points. The final y value for each point is then obtained using Eq. (8) in the main text,

i.e. the lowest value from all smeared values at this point.

By this method, the y value for local minima will not be affected and the value for other neighboring
points may be reduced. To estimate the error of smearing, we have compared the y value of four com-
positions in the database (real) and in the PES map (smear), as shown in Figure S1. For the optimal phase
(point 1) or the metastable phase locates in the high energy zone (point 2), both being local minima on
PES, there are no errors after smearing. The smearing errors are present for the points adject to the
local minima, such as point 3 and 4, where the smearing lowers their y values depending on the stability

of the adjacent composition and the distance.

10 High 10
"mg 2 " * =0
.\..~. 'n. L "A; .': l-{ ! Hl’Eh
_ 08 iwmate Tlale Sl - was g _ o8 = Point y(real) 7y (smear)
E‘ -.-.'..J-S ! o = = i’ 1 0.29 0.29
= - - f]'- 2 = -U.4 -U.&
2 06] g "m T Mrmy l 0.6
g [mmmam iy S 8 . 2 0.13 0.3
a;J N, '.-. n - o I i § L
8 04 - 'l.ll - o s n-.. 1] 8 0.4 3 -0-15 -0.22
2 |martdes el | 2 4 0.17 0.20
02{®m o = m Ea %5 s w = 0.2
LT N _-..\ I
0.0 AN SRS W O RES EEE . - LD\)' 0.0 LQ\\'
00 02 04 06 08 10 0.0 . 0.4 0.6 0.8 10
O Coverage (ML) O Coverage (ML)

Figure S1. The process of PES smearing for surface oxides on Ag(111), which maps the discrete data from
the phase database (left) to the contour pot (right, see also in Figure 4). The y values of four compositions
(1~ 4) in the database (real) and in the smearing PES map (smear) are also listed for comparison.
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7. The geometries of surface oxides with the increasing of O coverage

Table S4. The geometries of optimal surface oxides in A = 8 with the specified O coverage (from O1 to
08) on Ag(111) and Ag(100).

Ag(111) O coverage Ag(100)

0.125 ML

0.250 ML

0.375 ML

0.500 ML

0.625 ML
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8. XYZ coordinates for the stable silver surface oxides shown in Figure 4(b) and Fig-

ure 5(b)

Here, all of these structures are provided in VASP POSCAR format.
(1) Ags0s4 on (V7xV7)R19 of Ag(111)

Structure

1.00000000
7.62640 0.00000 0.00000
1.08948 7.54818 0.00000

-0.00000 -0.00000 25.09070

H C O Ag
0 0 4 37

D
0.518931 0.018669 0.486526
0.968018 0.034751 0.496270
0.985051 0.484182 0.485680
0.534633 0.468550 0.497653
0.125000 0.625000 0.119566
0.375001 0.875000 0.119566
0.000000 0.000000 0.119566
0.250000 0.250000 0.119566
0.500000 0.500000 0.119566
0.750000 0.750000 0.119566
0.625000 0.125000 0.119566
0.875000 0.375000 0.119566
0.083332 0.416667 0.213368
0.333332 0.666667 0.213368
0.583332 0.916667 0.213368
0.208332 0.041666 0.213368
0.458332 0.291666 0.213368
0.708332 0.541667 0.213368
0.958332 0.791667 0.213368
0.833332 0.166666 0.213368
0.040549 0.209091 0.307707
0.791030 0.959577 0.307717
0.541254 0.705558 0.306969
0.294556 0.458748 0.306912
0418544 0.083401 0.306541
0.669006 0.331005 0.310267
0.916562 0.581461 0.306504
0.163732 0.836330 0.306685
0.260970 0.454025 0.494104
0.880505 0.378681 0.403851
0.504713 0.495903 0.403248
0.242308 0.048450 0.493867
0.252269 0.249863 0.398302
0.372582 0.871220 0.398076
0.954254 0.760545 0.493665
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(2) Ag1009 on (2V7xV7)R19 of Ag(111)

0.128789
0.750680
0.750147
0.548658
0.621431
0.996656

Structure

1.00000000
7.61370 0.00000 0.00000
2.17534 15.07122 0.00000
-0.00000 -0.00000 25.04880
H C O Ag
0 0 9 74

D

0.507350
0.037602
0.458144
0.481029
0.051384
0.029477
0.007606
0.483156
0.336356
0.125000
0.375000
0.000000
0.250000
0.499999
0.749999
0.125000
0.374999
0.624999
0.874998
0.000000
0.249999
0.499999
0.749998
0.624998
0.874998
0.083332
0.333332
0.583331
0.208332
0.458331
0.708330

0.627341
0.748141
0.250721
0.742463
0.119517
0.004045

0.509545
0.761639
0.259003
0.985581
0.484392
0.986056
0.261489
0.779003
0.387169
0.812498
0.937498
0.499999
0.624998
0.749998
0.874998
0.312499
0.437499
0.562499
0.687498
0.000000
0.125000
0.249999
0.374999
0.062500
0.187500
0.708331
0.833331
0.958331
0.520832
0.645832
0.770831

0.397915
0.398295
0.500139
0.494268
0.403838
0.402424

0.516078
0.490297
0.499372
0.487480
0.494215
0.498553
0.491618
0.493006
0.383017
0.119766
0.119766
0.119766
0.119766
0.119766
0.119766
0.119766
0.119766
0.119766
0.119766
0.119766
0.119766
0.119766
0.119766
0.119766
0.119766
0.213568
0.213568
0.213568
0.213568
0.213568
0.213568
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0.958330
0.083332
0.333331
0.583331
0.833330
0.208331
0.458331
0.708330
0.958330
0.833330
0.168385
0.919421
0.540704
0.288106
0.415500
0.044615
0.291505
0.661104
0.039612
0.794127
0.164014
0.419437
0.665730
0.542656
0.915851
0.794745
0.881661
0.011312
0.729923
0.474520
0.110679
0.755068
0.868286
0.420037
0.748474
0.636913
0.757221
0.263498
0.628038
0.247720
0.004474
0.498599
0.760307
0.220757
0.449517
0.064295
0.381809
0.126271
0.778779
0.502973
0.254410

0.895831
0.208333
0.333332
0.458332
0.583332
0.020833
0.145833
0.270833
0.395832
0.083333
0.915310
0.791910
0.854789
0.228074
0.040390
0.603781
0.729427
0.168131
0.102577
0.979383
0417109
0.540717
0.668393
0.354716
0.291960
0.479710
0.684843
0.497029
0.270893
0.644378
0.305000
0.874704
0.184814
0.454663
0.376966
0.565279
0.975825
0.621689
0.062865
0.122462
0.997031
0.246604
0.778484
0.356642
0.123160
0.622720
0.938373
0.808821
0.489209
0.752081
0.881261

0.213568
0.213568
0.213568
0.213568
0.213568
0.213568
0.213568
0.213568
0.213568
0.213568
0.310891
0.306870
0.307397
0.307125
0.306781
0.307271
0.308408
0.306590
0.307417
0.306936
0.306336
0.307571
0.306979
0.307813
0.307805
0.307689
0.399021
0.402086
0.496783
0.500893
0.404943
0.398175
0.399072
0.447494
0.401761
0.399655
0.495190
0.400244
0.398289
0.399308
0.404308
0.403056
0.494715
0.508722
0.495218
0.495701
0.403391
0.405621
0.501456
0.401621
0.502035
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0.042308 0.122690 0.496611

(3) Ag1206 on p(4x4) of Ag(111)

Structure

1.00000000
11.53000 0.00000 0.00000
-5.76500 9.98527 0.00000
-0.00000 -0.00000 25.09070
H C O Ag

D

0 0 6

0.378972
0.998752
0.676531
0.321744
0.620660
0.998995
0.000000
0.250001
0.500001
0.750002
0.000000
0.250001
0.500001
0.750002
0.000000
0.250001
0.500001
0.750002
0.000000
0.250001
0.500001
0.750002
0.083477
0.332554
0.582648
0.833982
0.083118
0.333363
0.584007
0.833631
0.083532
0.332534
0.584292
0.833794
0.082717
0.332323

76

0.750909
0.428082
0.751898
0.073870
0.373400
0.130600
0.000000
0.000000
0.000000
0.000000
0.250001
0.250001
0.250001
0.250001
0.500001
0.500001
0.500001
0.500001
0.750002
0.750002
0.750002
0.750002
0.166140
0.166020
0.167027
0.167419
0417571
0.416998
0417757
0417817
0.667595
0.666975
0.667249
0.666708
0.916479
0.916298

0.522177
0.489085
0.488712
0.489662
0.523687
0.523422
0.119566
0.119566
0.119566
0.119566
0.119566
0.119566
0.119566
0.119566
0.119566
0.119566
0.119566
0.119566
0.119566
0.119566
0.119566
0.119566
0.213862
0.213890
0.213897
0.213828
0.213860
0.213356
0.213844
0.213939
0.215308
0.213914
0.213889
0.215319
0.215456
0.213984
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0.583177
0.834009
0.167164
0415374
0.666656
0.916873
0.166871
0.416094
0.667675
0.915895
0.166399
0.417150
0.666588
0.918192
0.166580
0.415701
0.668248
0.915313
0.000178
0.249983
0.500616
0.752511
0.000505
0.247848
0.499676
0.747055
0.999806
0.252967
0.498867
0.750679
0.000098
0.249250
0.499656
0.750348
0.666513
0.422078
0.183043
0.165409
0.815660
0.576803
0.410864
0.148217
0.833592
0.332743
0.850029
0.588888

(4) Ag;Os on (2V2x2V2)R45° of Ag(100)

0.916227
0.916549
0.084277
0.082536
0.084309
0.082855
0.334703
0.334061
0.335501
0.334893
0.583832
0.584336
0.584627
0.584306
0.835334
0.834428
0.835170
0.832706
0.000204
0.000644
0.999169
0.004396
0.250950
0.251983
0.251719
0.251294
0.500883
0.502997
0.498113
0.502194
0.750926
0.750958
0.750699
0.751429
0.568203
0.584381
0.601257
0.339596
0.419308
0.163845
0.328033
0.083917
0.174989
0.900525
0.935421
0.918741

0.213797
0.213951
0.308383
0.307108
0.306042
0.306581
0.305781
0.305799
0.306563
0.306954
0.308249
0.305891
0.308249
0.309137
0.309222
0.306755
0.307052
0.309283
0.402457
0.403070
0.400003
0.399863
0.397493
0.400232
0.397528
0.399839
0.402623
0.399987
0.400119
0.402192
0.404610
0.402239
0.397712
0.402600
0.503309
0.493241
0.503038
0.493148
0.503504
0.492758
0.493280
0.504043
0.492673
0.503329
0.503315
0.492775
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Structure

1.00000000

8.15300 0.00000 0.00000
-0.00000 8.15300 0.00000
-0.00000 -0.00000 24.14480
H C O Ag
0 0 5 39

D

0.175264
0.502124
0.325450
0.750343
0.998494
0.000000
0.000000
0.249999
0.499998
0.249999
0.499998
0.749996
0.749996
0.000000
0.249999
0.000000
0.249999
0.499998
0.749996
0.499998
0.749996
0.499953
0.000186
0.499551
0.750060
0.249978
0.000411
0.250033
0.750016
0.250436
0.997378
0.756128
0.250388
0.250127
0.750421
0.936456
0.913198
0.500686
0.999659
0.744378
0.586694
0.564132
0.250460

0.253603
0.077399
0.750069
0.501762
0.926381
0.749996
0.249999
0.499998
0.749996
0.000000
0.249999
0.499998
0.000000
0.499998
0.749996
0.000000
0.249999
0.499998
0.749996
0.000000
0.249999
0.250521
0.250191
0.750689
0.500222
0.500279
0.750787
0.000301
0.000200
0.750140
0.506657
0.253905
0.002026
0.251834
0.002326
0.337421
0.688388
0.000632
0.000670
0.748191
0.315641
0.665821
0.501791

0.469880
0.469471
0.469893
0.514748
0.469855
0.124250
0.124250
0.124250
0.124250
0.124250
0.124250
0.124250
0.124250
0.208668
0.208668
0.208668
0.208668
0.208668
0.208668
0.208668
0.208668
0.294408
0.294421
0.294228
0.294454
0.294432
0.294299
0.294398
0.294391
0.378642
0.379674
0.379399
0.480583
0.378519
0.470205
0.483694
0.483813
0.378379
0.378478
0.379410
0.483402
0.483807
0.470471
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0.502796 0.495856 0.379595

(5) AgsO; on (2vV2xV2)R45° of Ag(100)

Structure
1.00000000
407650 0.00000 0.00000
-0.00000 8.15300 0.00000
-0.00000 -0.00000 24.14480
H C O Ag

0 0 2 19

D
0.999182 0.992528 0.479239
0.001144 0.506733 0.479283
0.000000 0.749996 0.124250
0.000000 0.249999 0.124250
0.499998 0.499998 0.124250
0.499998 0.000000 0.124250
0.000000 0.499998 0.208668
0.499998 0.749996 0.208668
0.000000 0.000000 0.208668
0.499998 0.249999 0.208668
0.500198 0.001471 0.294164
0.000230 0.749643 0.293334
0.000213 0.249756 0.295403
0.500278 0.498090 0.294173
0.499413 0.965271 0.469300
0.000099 0.996064 0.378565
0.000285 0.502525 0.378596
0.500121 0.249270 0.381447
0.000175 0.249388 0.473810
0.500548 0.535162 0.469789
0.500355 0.749204 0.376246



