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1.Methodology and Calculation Details

1.1 Stochastic surface walking global optimization using neural network potential
energy surface (SSW-NN)

Architecture of the high dimensional neural network (HDNN)
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Scheme S1. Scheme for HDNN architecture. The subscript i is atom index; N is the number of
atoms. The inputs of HDNN are a set of atom-centered symmetry functions {Gj}, which is
constructed from a set of Cartesian coordinates {R;}. The outputs are the atomic properties {£;, Fi,
Si}, i.e., energy, force and stress. The overall properties of a structure, namely, £, F*', or §*, are

calculated by summing the atomic properties, £;, Fj, Si.

To build the high dimensional neural network (HDNN) potential energy surface!?, we utilized
the SSW global optimization to generate the global dataset for Pt-Ni-Mo-O-H system. The HDNN
architecture is schematically shown in Scheme S1. The total energy E* is obtained by summing the
atomic energy E;, which is the output of the standard neural network (see Eq. 1,). The inputs, {G},
are a set of atom-centered symmetry functions (also called geometry-based structural descriptors).

Etot = Z E; (1)

Structure Descriptors
The atom-centered symmetry functions are calculated a series of power-type structure
descriptors (PTSDs)!2, which is developed by our group. There are six types of PTSDs, namely S"

to §°, which have the following mathematic forms:
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Each PTSD can be considered as a sum of the n-body functions, named as the group unit (GU). The
j is the
distance of atomic pairs, 7, is the cutoff, beyond which the value of Eq. 2 is equal to zero, Y, (1i;)

power function R"(ri j) represents the radial function in the GU. In the equations, 7;

is the spherical harmonic function, and n, m, p, A, and  are power parameters. Depending on the
functional form of GU, the PTSDs S}, S?, S2, S{*, S7 and S? can be considered as 2-body, 3-

body and 4-body functions, respectively, where the S? and S involve also spherical function.

Construction of global dataset for HDNN training (G-NN)

The building of dataset is the key factor that determines the accuracy of the potential energy
surface (PES) of G-NN. Our previous works have shown that, the SSW> global optimization can
fast generate a global dataset, which incorporates structures with notably different structural patterns
on the global PES. The SSW global optimization is fully automated and does not need a priori
knowledge on the system, such as the structure motif (e.g., bonding patterns, symmetry) of the
materials.

The overall approach to generate G-NN and its implementations are briefly divided into six
steps (see in Scheme S2):

(i) Generating the global dataset by computing the selected structures from the SSW
trajectories using DFT.

(i1) Training the G-NN potential with the global dataset.

(ii1) Benchmarking the accuracy between the current G-NN potential and DFT values for a few
randomly selected structures from a trial SSW-NN calculations. The structures with large error are
added in the dataset to retrain the G-NN potential.

(iv) Iteratively performing (i)-(iii) steps until the PES deviation is low enough. The RMSE for
G-NN potential is typically 5~10 meV/atom for energy and 0.1~0.2 eV/A for force.

(v) Performing the SSW global optimization on the NN PES for target problem.

(vi) Recomputing the energy of key structures with DFT calculations, in which Bayesian

optimization is utilized to drive the iterative acquisition-surrogate procedure.



Generate structure using SSW

Screen the structure candidates

[ Generate raw data for training sets

Initialize/Update Training sets

Train G-NN potential

Run SSW, check bad structure

[ Potential ready for use ]

Scheme S2. Overall procedure for generating the training dataset using SSW global optimization.

Table S1. Number of structures for the global data set to train the Pt-Ni-Mo-O-H potential.

Species Natom Neluster Niayer Nbuk total
Pt16 16 3107 7 10606 13720
Mol-Pt15 16 0 0 113 113
Mo2-Pt14 16 0 0 165 165
Mo3-Pt13 16 0 0 150 150
Mo4-Pt12 16 0 0 140 140
Mo5-Pt10 15 0 0 3 3
Mo5-Ptl1 16 0 0 137 137
Mo6-Pt9 15 0 0 5 5
Mo6-Pt10 16 0 0 132 132
Mo6-Pt42 48 0 0 4 4
Mo7-Pt8 15 0 0 7 7
Mo7-Pt9 16 0 0 151 151
Mo8-Pt7 15 0 0 6 6
Mo8-Pt8 16 0 1 157 158
MoS8-Pt24 32 0 36 40 76
Mo9-Pt6 15 0 0 13 13
Mo9-Pt7 16 0 0 177 177
Mo10-Pt5 15 0 0 21 21
Mo10-Pt6 16 0 0 115 115
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03-Ni4-Mo2-Pt23
03-Ni5-Ptl1
03-Ni9-Mo2-Pt53
03-Ni9-Mo2-Pt54
03-Ni9-Mo2-Pt55
03-Ni10-Mo2-Pt60
03-Nil10-Mo2-Pt61
03-Ni10-Mo2-Pt62
03-Nil13-Mo2-Pt49
03-Nil13-Mo2-Pt50
03-Nil3-Mo14-Pt2
03-Nil4-Mo13-Pt2
03-Nil5-Mo9-Pt2
03-Nil6-Mo2-Pt54
03-Ni16-Mo02-Pt55
03-Nil18-Mo4-Pt7
03-Nil8-Moll
04-Pt8
04-Pt27
04-Mo1-Pt7
04-Mo1-Pt26
04-Mo2-Pt6
04-Mo2-Pt25
04-Mo3-Pt5
04-Mo3-Pt24
04-Mo4-Pt4
04-Mo5-Pt3
04-Mo5-Pt22
04-Mo6-Pt2
04-Mo6-Pt21
04-Mo7-Pt1
04-Mo7-Pt20
04-Mo8-Pt19
04-Mo09-Pt18
04-Mo10-Pt17
04-Mo11-Pt16
04-Mo13-Pt14
04-Mo14-Pt13
04-Mo16-Pt11
04-Mo18-Pt9
04-Mo19-Pt8
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19
67
68
69
75
76
71
67
68
32
32
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04-Mo20-Pt7
04-Mo21-Pt6
04-Mo22-Pt5
04-Mo23-Pt4
04-Mo24-Pt3
04-Mo25-Pt2
04-Mo26-Pt1
0O4-Nil-Pt7
0O4-Ni2-Pt6
0O4-Ni2-Pt25
04-Ni2-Mo30
O4-Ni3-Pt5
0O4-Ni3-Pt24
04-Ni3-Mo19-Pt6
0O4-Ni4-Pt4
0O4-Ni4-Pt23
04-Ni4-Mo22-Pt34
O4-Ni5-Pt3
0O4-Ni5-Pt22
0O4-Ni5-Mo27
0O4-Ni6-Pt21
04-Ni9-Mo2-Pt53
04-Ni9-Mo2-Pt54
04-Ni9-Mo2-Pt55
04-Ni9-Mo2-Pt56
04-Ni9-Mo23
0O4-Nil0-Pt17
04-Ni10-Mo2-Pt60
04-Ni10-Mo2-Pt61
04-Ni10-Mo2-Pt62
04-Nil0-Mo2-Pt63
04-Ni10-Mo4-Pt46
04-Nil2-Mo10-Pt6
04-Nil13-Mo2-Pt49
04-Nil3-Mo2-Pt50
04-Nil6-Mo2-Pt54
04-Nil6-Mo2-Pt55
04-Nil6-Mo2-Pt56
04-Nil7-Mo1-Pt52
0O4-Nil7-Mol5
0O4-Nil8-Pt54

31
31
31
31
31
31
31
12
12
31
36
12
31
32
12
31
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68
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36
31
76
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64
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04-Nil8-Mo022-Pt20
04-Ni20-Pt40
04-Ni22-Mo10
0O4-Ni28-Mo4
04-Ni36-Mo6-Pt18
04-Ni43-Mo2-Pt133
04-Ni44-Pt16
0O5-Ni2-Mo29
O5-Ni3-Mo28
O5-Ni8-Pt23
05-Ni9-Mo2-Pt53
05-Ni9-Mo2-Pt54
05-Ni9-Mo2-Pt55
05-Ni9-Mo2-Pt56
05-Ni10-Mo2-Pt60
05-Ni10-Mo2-Pt61
05-Ni10-Mo2-Pt62
05-Ni10-Mo2-Pt63
O5-Nil13-Pt18
05-Nil13-Mo2-Pt50
O5-Nil6-Pt15
05-Nil6-Mo2-Pt54
05-Nil6-Mo2-Pt55
05-Nil16-Mo2-Pt56
05-Nil6-Mo2-Pt57
O5-Nil8-Pt54
O5-Ni22-Mo9
0O5-Ni29-Mo2
05-Ni30-Mol
06-Pt4
06-Pt26
06-Mol-Pt25
06-Mo2-Pt24
06-Mo3-Pt23
06-Mo5-Pt21
06-Mo7-Pt19
06-Mo09-Pt17
06-Mo10-Pt16
06-Mol1-Pt15
06-Mo12-Pt14
06-Mo13-Pt13

64
64
36
36
64
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06-Mo14-Pt12
06-Mo15-Pt11
06-Mo16-Pt10
06-Mo17-Pt9
06-Mo18-Pt8
06-Mo19-Pt7
06-Mo020-Pt6
06-Mo22-Pt4
06-Mo23-Pt3
06-Mo024-Pt2
06-Mo25-Pt1
06-Ni2-Pt24
06-Ni3-Mo6-Pt16
06-Ni4-Pt22
06-Ni4-Mo42-Pt12
0O6-Ni5-Pt21
06-Ni6-Pt20
06-Ni7-Pt19
0O6-Ni8-Pt18
06-Ni9-Mo2-Pt53
06-Ni9-Mo2-Pt54
06-Ni9-Mo2-Pt55
06-Ni9-Mo2-Pt56
06-Ni9-Mo2-Pt57
06-Ni10-Mo2-Pt60
06-Ni10-Mo2-Pt61
06-Ni10-Mo2-Pt62
06-Ni10-Mo6-Pt36
06-Ni10-Mo14-Pt34
06-Nil1-Mo2-Pt12
06-Nil3-Mo1-Pt11
06-Nil13-Mo2-Pt49
06-Ni13-Mo2-Pt51
06-Nil13-Mo2-Pt52
06-Ni16-Mo2-Pt54
06-Nil6-Mo2-Pt55
06-Ni16-Mo02-Pt56
06-Ni16-Mo2-Pt57
06-Ni18-Pt54
06-Ni26-Mo4-Pt16
06-Ni28-Mo16-Pt14
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06-Ni28-Mo026-Pt4
06-Ni30-Mo18-Pt4
O7-Pt8
07-Ni9-Mo2-Pt53
07-Ni9-Mo2-Pt54
07-Ni9-Mo2-Pt55
07-Ni9-Mo2-Pt56
07-Ni9-Mo2-Pt57
07-Ni9-Mo2-Pt58
07-Ni9-Mo2-Pt59
07-Ni10-Mo2-Pt60
07-Ni10-Mo2-Pt61
07-Ni10-Mo2-Pt62
07-Nil0-Mo2-Pt63
07-Nil3-Mo2-Pt49
07-Nil3-Mo2-Pt50
O7-Nil3-Mo2-Pt51
07-Nil3-Mo2-Pt52
O7-Nil3-Mo2-Pt53
07-Nil3-Mo2-Pt54
07-Nil6-Mo2-Pt54
O7-Nil6-Mo2-Pt55
07-Nil16-Mo2-Pt56
07-Nil6-Mo2-Pt57
O7-Nil8-Pt54
08-Pt6
0O8-Pt8
08-Pt16
08-Mol-Pt15
08-Mo4-Pt12
08-Mo7-Pt9
08-Mo09-Pt7
08-Mo10-Pt6
08-Mo13-Pt3
08-Mol5-Pt1
08-Mo15-Pt8
08-Nil-Mo3-Pt19
O8-Ni4-Pt12
08-Ni4-Mo2-Pt18
O8-Ni6-Pt26
08-Ni6-Mo09-Pt8

64
58
15
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72
73
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75
76
77
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80
81
82
71
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80
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14
16
24
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31
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0 30
0 60
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0 1
0 3
0 4
0 2
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0 2
0 1
0 1
0 2
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0 3
0 1
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0 12
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08-Ni6-Mo10-Pt8
08-Ni9-Mo2-Pt55
08-Ni9-Mo2-Pt56
08-Ni9-Mo2-Pt57
08-Ni9-Mo2-Pt58
08-Ni9-Mo2-Pt59
08-Ni9-Mo2-Pt60
08-Ni10-Mo2-Pt60
08-Ni10-Mo2-Pt61
08-Nil10-Mo2-Pt62
08-Nil0-Mo2-Pt63
O8-Nil2-Pt12
08-Nil3-Mo2-Pt49
08-Nil3-Mo2-Pt50
08-Nil3-Mo2-Pt51
08-Nil3-Mo2-Pt53
08-Nil3-Mo2-Pt55
O8-Nil6-Pt16
08-Nil6-Mo2-Pt54
08-Nil6-Mo2-Pt55
08-Nil6-Mo2-Pt56
08-Nil6-Mo2-Pt57
O8-Nil8-Pt54
08-Nil8-Mo2-Pt54
0O8-Ni22-Mo10
09-Mo15-Pt8
09-Ni5-Mo10-Pt8
09-Ni9-Mo2-Pt55
09-Ni9-Mo2-Pt56
09-Ni9-Mo2-Pt57
09-Ni9-Mo2-Pt58
09-Ni9-Mo2-Pt59
09-Ni10-Mo2-Pt62
09-Nil13-Mo2-Pt51
09-Nil13-Mo2-Pt54
09-Nil3-Mo2-Pt55
09-Ni16-Mo2-Pt54
09-Nil6-Mo2-Pt55
09-Ni18-Pt54
010-Pt6
010-Mo6-Pt15
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010-Ni3-Mo3-Pt15
010-Ni6-Mo2-Pt14
010-Ni9-Mo11-Pt2
010-Nil3-Mo2-Pt53
010-Nil3-Mo2-Pt54
O11-Mo5-Pt15
O11-Ni5-Pt15
O11-Ni6-Mo1-Pt14
0O11-Ni10-Mo4-Pt26
0O11-Nil12-Mo4-Pt24
0O11-Nil15-Mo6-Pt19
O11-Ni21-Mo9-Pt16
012-Mo10-Pt40
012-Ni7-Mo6-Pt37
012-Ni7-Mo10-Pt33
012-Ni20-Mo10-Pt16
013-Ni21-Mo9-Pt16
014-pt7
014-Ni2-Mo6-Pt36
014-Nil4-Mo16-Pt20
014-Ni26-Mo4-Pt16
015-Nil1-Mo5-Pt31
Ol6-Ptl6
016-Mo6-Pt36
016-Mo28-Pt20
016-Mo30-Pt18
016-Nil0-Mo4-Pt34
016-Nil0-Mo14-Pt24
016-Nil4-Mo14-Pt20
016-Nil8-Mo16-Pt14
016-Ni24-Pt24
016-Ni24-Mo6-Pt18
016-Ni26-Mo4-Pt16
016-Ni32-Pt16
0O18-Pt7
O18-Pt8
018-Pt9
O18-Pt12
018-Mo24-Pt22
018-Mo28-Pt18
018-Mo30-Pt16
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31
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51
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018-Mo32-Pt14
0O18-Ni6-Pt40
018-Nil0-Mo14-Pt22
018-Nil4-Mo8-Pt24
018-Nil6-Mo16-Pt14
018-Ni22-Mo6-Pt18
018-Ni26-Mo4-Pt16
O18-Ni30-Pt16
022-Mo14-Pt28
022-Mol6-Pt26
022-Ni4-Mo4-Pt34
022-Nil10-Mo4-Pt28
022-Nil2-Mo2-Pt28
022-Nil4-Mo2-Pt26
032-Ptl6
HI1-Pt15
HI1-Pt23
H1-Pt26
H1-Pt27
H1-Nil5
H1-Ni21
H1-Ni23
H1-Ni26
H1-Ni27
H1-Ni31
H2-Pt14
H2-Pt27
H2-Pt28
H2-Nil4
H2-Nil6
H2-Ni21
H2-Ni22
H2-Ni27
H2-Ni28
H2-Ni30
H2-O1-Nil5
H3-Pt26
H3-Ni26
H4-Pt12
H4-Pt17
H4-Pt20
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H4-Pt24
H4-Nil2
H4-Nil7
H4-Ni20
H4-Ni32
H4-O1-Nill
H4-02-Nil0
H4-02-Ni30
H5-Pt16
H5-Nil6
H5-Ni27
H6-Pt10
H6-Pt15
H6-Pt25
H6-Pt26
H6-Nil0
H6-Nil5
Hé6-Nil6
H6-Ni25
H6-Ni26
H6-O1-Nil5
H6-0O2-Nil4
H7-Pt25
H7-Ni25
HS8-Pt8
HS8-Pt16
HS8-Pt20
H8-Ni8
H8-Nil6
H8-Ni20
H8-O1-Ni7
H8-02-Ni6
H9-Pt23
H9-Ni23
H10-Pt21
H10-Pt22
H10-Ni21
H10-Ni22
H10-O5-Pt12
H10-O5-Mol-Pt11
H10-O5-Mo2-Pt10

28
16
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24
36
16
16
36
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H10-O5-Nil-Ptl1
H10-O5-Nil-Mo1-Pt10
H10-O5-Nil-Mo2-Pt9
H10-O5-Nil-Mo3-Pt8
H10-O5-Nil-Mo4-Pt7
H10-O5-Ni2-Pt10
H10-O5-Ni2-Mo1-Pt9
H10-O5-Ni2-Mo2-Pt8
H10-O5-Ni2-Mo4-Pt6
H10-O5-Ni3-Pt9
H10-O5-Ni3-Mo1-Pt8
H10-O5-Ni3-Mo2-Pt7
H10-O5-Ni3-Mo3-Pt6
H10-O5-Ni4-Pt8
H10-O5-Ni4-Mo2-Pt6
H10-O5-Ni5-Mo1-Pt6
H10-O5-Ni5-Mo3-Pt4
H10-O5-Ni6-Pt6
H11-Pt5
HI11-Pt21
H11-Ni5
H11-Nil7
H11-Ni21
H11-O1-Ni4
HI11-O5-Pt12
H11-O5-Nil-Pt11
H11-05-Nil-Mo1-Pt10
H11-05-Nil-Mo2-Pt9
H11-05-Ni2-Pt10
H11-05-Ni2-Mo1-Pt9
H11-05-Ni2-Mo2-Pt8
H11-05-Ni2-Mo3-Pt7
H11-05-Ni3-Pt9
H11-05-Ni3-Mo1-Pt8
H11-05-Ni4-Mo1-Pt7
H11-05-Ni4-Mo2-Pt6
H12-Ptl6
H12-Ni19
H12-Ni32
HI12-O5-Pt12
H12-0O5-Nil-Mo1-Pt10

27
27
27
27
27
27
27
27
27
27
27
27
27
27
27
27
27
27
16
32
16
28
32
16
28
28
28
28
28
28
28
28
28
28
28
28
28
31
44
29
29

[ R R = = = = = = = = = = R = = = = = =l e R e R = = = = L == N =l = R R = = = = A =)

13

73
12
96

48

16

21

12

11

41

36
22

12
258

15

19

15

267
23

11

47
13
70

1334

218
68
0
5
0
22

126
20

32
18

22
13
12
20
13
120
25
166
14
14
66
33
46
16
16
5
15
12
1375
218
104
22
5
12
280
11
10
3
25
5
5
12
15
42
1
6
128
35
8
299
41



H12-05-Nil-Mo2-Pt9
H12-05-Ni2-Pt10
H12-05-Ni2-Mo1-Pt9
H12-0O5-Ni2-Mo2-Pt8
H12-05-Ni3-Mo2-Pt7
H13-Pt19
H13-Nil6
H13-Nil9
H13-O1-Nil5
H13-02-Nil4
H13-05-Pt12
H13-05-Mo2-Pt10
H13-0O5-Nil-Ptl1
H13-05-Nil-Mo1-Pt10
H13-05-Nil-Mo2-Pt9
H13-05-Ni2-Mo1-Pt9
H13-05-Ni3-Mo1-Pt8
H13-05-Ni4-Mo1-Pt7
H13-05-Ni4-Mo2-Pt6
H14-Pt16
H14-Pt17
H14-Pt18
H14-Nil6
H14-Nil7
H14-Nil8
H14-07
H15-Pt6
H15-Pt16
H15-Pt17
H15-Ni6
H15-Nil6
H15-Nil7
H15-O1-Ni5
H16-Pt5
H16-Ptl6
H16-Ni5
H16-Nil6
H16-08
H17-Pt15
H17-Nil5
H18-Pt13

29
29
29
29
29
32
29
32
29
29
30
30
30
30
30
30
30
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42 34
9 6
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0 53
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1
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1 7
244
9 10
8 2
6 1
3 10
18
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5 6
1 53
0 165
0 138
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0 4
0
1 756
650 0
1 254
0 257
18 8
7 5
14
10 0
950 58
1 507
38 29
9 18
14 3911
140
0 4
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15
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13
27
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11
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255
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12
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1008
508
67
27
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140
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H18-Nil3
H19-Pt13
H19-Nil2
H19-Nil3
H19-Ni21
H19-O1-Nill
H23-Pt§
H23-Pt9
H23-Ni8
H23-Ni9
H23-O1-Ni8
H23-0O11-Pt16
H23-0O11-Mo1-Pt15
H23-0O11-Mo3-Pt13
H23-O11-Nil-Pt15
H23-O11-Nil-Mo1-Pt14
H23-0O11-Nil-Mo2-Pt13
H23-O11-Nil-Mo3-Pt12
H23-O11-Nil-Mo4-Pt11
H23-011-Nil-Mo5-Pt10
H23-O11-Ni2-Pt14
H23-011-Ni2-Mo1-Pt13
H23-0O11-Ni2-Mo2-Pt12
H23-011-Ni2-Mo3-Pt11
H23-011-Ni2-Mo4-Pt10
H23-O11-Ni3-Pt13
H23-0O11-Ni3-Mo1-Pt12
H23-011-Ni3-Mo2-Pt11
H23-011-Ni3-Mo3-Pt10
H23-011-Ni3-Mo4-Pt9
H23-011-Ni3-Mo5-Pt8
H23-O11-Ni4-Pt12
H23-011-Ni4-Mo1-Pt11
H23-011-Ni4-Mo2-Pt10
H23-011-Ni4-Mo3-Pt9
H23-011-Ni4-Mo4-Pt8
H23-O11-Ni5-Pt11
H23-011-Ni5-Mo1-Pt10
H23-011-Ni5-Mo2-Pt9
H23-011-Ni5-Mo3-Pt8
H23-0O11-Ni5-Mo4-Pt7
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H23-011-Ni6-Mo1-Pt9
H23-0O11-Ni6-Mo2-Pt8
H23-011-Ni6-Mo3-Pt7
H23-0O11-Ni7-Mo2-Pt7
H24-Pt8
H24-Ni8
H24-0O11-Pt16
H24-0O11-Mo1-Pt15
H24-0O11-Mo2-Pt14
H24-O11-Nil-Mo1-Pt14
H24-O11-Nil-Mo3-Pt12
H24-O11-Ni2-Pt14
H24-O11-Ni2-Mo1-Pt13
H24-O11-Ni2-Mo2-Pt12
H24-011-Ni2-Mo3-Pt11
H24-011-Ni2-Mo4-Pt10
H24-011-Ni2-Mo5-Pt9
H24-O11-Ni3-Pt13
H24-O11-Ni3-Mol-Pt12
H24-011-Ni3-Mo2-Pt11
H24-011-Ni3-Mo3-Pt10
H24-011-Ni3-Mo4-Pt9
H24-O11-Ni4-Pt12
H24-0O11-Ni4-Mol-Pt11
H24-011-Ni4-Mo2-Pt10
H24-011-Ni4-Mo3-Pt9
H24-O11-Ni5-Pt11
H24-011-Ni5-Mo2-Pt9
H24-011-Ni6-Mo1-Pt9
H25-011-Pt16
H25-011-Mo1-Pt15
H25-0O11-Mo2-Pt14
H25-O11-Nil-Pt15
H25-0O11-Nil-Mo2-Pt13
H25-O11-Nil-Mo3-Pt12
H25-0O11-Nil-Mo4-Pt11
H25-0O11-Ni2-Pt14
H25-011-Ni2-Mo1-Pt13
H25-0O11-Ni2-Mo2-Pt12
H25-011-Ni2-Mo3-Pt11
H25-O11-Ni3-Pt13

50
50
50
50
32
32
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51
51
51
51
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51
51
51
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51
51
51
51
51
51
51
51
52
52
52
52
52
52
52
52
52
52
52
52
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H25-011-Ni3-Mol-Pt12
H25-011-Ni3-Mo2-Pt11
H25-011-Ni3-Mo3-Pt10
H25-011-Ni3-Mo4-Pt9
H25-011-Ni3-Mo5-Pt8
H25-0O11-Ni4-Pt12
H25-011-Ni4-Mo1-Pt11
H25-011-Ni4-Mo2-Pt10
H25-011-Ni4-Mo3-Pt9
H25-0O11-Ni6-Pt10
H25-011-Ni6-Mo1-Pt9
H27-023-Nil8-Mo2-Pt54
H28-022-Nil8-Mo2-Pt54
H30-015
H32-019-Nil8-Pt54
H42-025-Pt72
H43-025-Pt72
H43-031-Nil8-Mo2-Pt54
H45-022-Pt32
H45-022-Ni3-Mo5-Pt24
H45-022-Ni4-Mo2-Pt26
H45-022-Ni4-Mo3-Pt25
H45-022-Ni4-Mo4-Pt24
H45-022-Ni4-Mo6-Pt22
H45-022-Ni6-Mo4-Pt22
H45-022-Ni7-Mo3-Pt22
H45-022-Ni7-Mo6-Pt19
H45-022-Ni8-Mo4-Pt20
H45-022-Ni9-Pt23
H45-022-Ni9-Mo4-Pt19
H45-022-Nil1-Mo4-Pt17
H48-024-Pt24
H48-024-Ni2-Mo2-Pt20
H48-024-Ni3-Mo6-Pt15
H48-024-Ni4-Mo4-Pt16
H48-024-Ni5-Mol-Pt18
H48-024-Ni5-Mo2-Pt17
H48-024-Ni6-Mo1-Pt17
H48-024-Ni6-Mo2-Pt16
H52-022-Pt32
H52-022-Nil-Mo6-Pt25

52
52
52
52
52
52
52
52
52
52

124
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45
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139
140
148
99
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H52-022-Ni2-Mo2-Pt28
H52-022-Ni2-Mo3-Pt27
H52-022-Ni2-Mo5-Pt25
H52-022-Ni2-Mo6-Pt24
H52-022-Ni3-Pt29
H52-022-Ni3-Mo3-Pt26
H52-022-Ni3-Mo4-Pt25
H52-022-Ni3-Mo5-Pt24
H52-022-Ni3-Mo6-Pt23
H52-022-Ni3-Mo10-Pt19
H52-022-Ni4-Mo1-Pt27
H52-022-Ni4-Mo3-Pt25
H52-022-Ni4-Mo4-Pt24
H52-022-Ni4-Mo5-Pt23
H52-022-Ni4-Mo6-Pt22
H52-022-Ni4-Mo10-Pt18
H52-022-Ni5-Mo1-Pt26
H52-022-Ni5-Mo2-Pt25
H52-022-Ni5-Mo3-Pt24
H52-022-Ni5-Mo4-Pt23
H52-022-Ni5-Mo5-Pt22
H52-022-Ni5-Mo6-Pt21
H52-022-Ni5-Mo7-Pt20
H52-022-Ni6-Mo1-Pt25
H52-022-Ni6-Mo3-Pt23
H52-022-Ni6-Mo4-Pt22
H52-022-Ni6-Mo5-Pt21
H52-022-Ni6-Mo6-Pt20
H52-022-Ni7-Mo2-Pt23
H52-022-Ni7-Mo3-Pt22
H52-022-Ni7-Mo5-Pt20
H52-022-Ni8-Mol-Pt23
H52-022-Ni8-Mo2-Pt22
H52-022-Ni8-Mo3-Pt21
H52-022-Ni8-Mo4-Pt20
H52-022-Ni8-Mo5-Pt19
H52-022-Ni9-Mo2-Pt21
H52-022-Ni9-Mo3-Pt20
H52-022-Ni9-Mo5-Pt18
H52-022-Nil0-Mo1-Pt21
H52-022-Nil0-Mo6-Pt16

106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
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106
106
106
106
106
106
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H52-022-Nil1-Mo4-Pt17 106 0 1 0 1
H58-032-Nil8-Pt54 162 0 0 8 8
H58-037-Nil8-Mo2-Pt54 169 0 1 3 4
H58-039-Ni18-Mo2-Pt54 171 0 0 4 4
H59-032-Nil8-Pt54 163 0 1 1 2
H59-039-Ni18-Mo2-Pt54 172 0 0 25 25
H64-035-Nil8-Pt54 171 0 0 2 2
H67-032-Pt48 147 0 0 2 2
H70-032-Pt48 150 0 0 11 11
H78-032-Pt48 158 0 1 70 71
H78-032-Ni5-Mo3-Pt40 158 0 0 2 2
H78-032-Ni6-Mo1-Pt41 158 0 3 16 19
H78-032-Ni8-Mo3-Pt37 158 0 0 2 2
H78-032-Nil1-Mo5-Pt32 158 0 0 1 1
H78-032-Nil4-Mo4-Pt30 158 0 0 1 1
H80-032-Pt48 160 0 0 72 72
H80-032-Ni5-Mo7-Pt36 160 0 0 4 4
H80-032-Ni6-Mo7-Pt35 160 0 0 1 1
H84-050-Pt62 196 0 0 51 51
H84-050-Pt64 198 0 0 56 56
H84-050-Ni10-Mo8-Pt44 196 0 0 1 1
H84-050-Nil10-Mo8-Pt46 198 0 1 16 17
H84-050-Nil1-Mo8-Pt45 198 0 0 4 4
H84-050-Nil16-Mo11-Pt35 196 0 0 3 3
H98-044-Pt64 206 0 127 0 127
H98-044-Ni6-Mo6-Pt52 206 0 1 1 2
H98-044-Ni8-Mo11-Pt45 206 0 1 1 2
H98-044-Ni9-Mo6-Pt49 206 0 1 0 1
H98-044-Ni10-Mo6-Pt48 206 0 4 0 4
H98-044-Ni10-Mo8-Pt46 206 0 1 0 1
H98-044-Nil1-Mo4-Pt49 206 0 1 0 1
H98-044-Nil12-Mo12-Pt40 206 0 1 0 1
H98-044-Ni13-Mo1-Pt50 206 0 1 0 1
H98-044-Ni14-Mo7-Pt43 206 0 1 0 1
total - 10471 14400 64379 89250

1.2 Benchmark of G-NN potential against DFT calculations

To benchmark the accuracy of G-NN potential, we compare NN energies with DFT results for
83 selected PtNiMo bulk structures. The RMSE of the energy difference is 2.227 meV/atom,

accurate enough for searching stable structures. The details for energies between NN and DFT
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results are given in Table S2.

Table S2. Benchmark of G-NN potential.

Composition Eprr (eV) Exn (eV) Egitr (meV/atom)
PtioNi;sMoss -375.26 -375.38 2.43
PtioNij1Moss -383.46 -383.21 -5.03
Pt1oNisMoo4 -417.93 -417.97 0.80
PtioNi;sMo14 -363.32 -363.29 -0.75
Pt19NisMo2o -391.71 -391.62 -1.81
Pt1oNi3Moas -428.38 -428.32 -1.31
Pt1oNipMoog -444.10 -443.99 -2.31
Pti1oNiiMoos -438.83 -438.72 -2.39
Pti1oNi7Mo2, -406.72 -406.57 -3.05
PtioNii7Morz -352.90 -352.81 -1.81
PtioNijoMoio -341.20 -341.17 -0.66
PtioNiz1Mosg -341.20 -341.17 -0.66
PtioNizxMo7 -323.20 -323.04 -3.23
Pt19NizoMog -335.08 -334.96 -2.64
Pt1sNizxMosg -328.33 -328.26 -1.46
PtisNizoMoio -340.35 -340.29 -1.31
PtyoNizoMosg -329.62 -329.56 -1.12
PtyoNijoMog -334.86 -335.06 4.12
Pt19Ni23sMos -317.03 -317.02 -0.12
Pt19NizsMoy -304.86 -304.92 1.22
Pt19NizsMoz -292.84 -292.88 0.88
Pt19NizoMog -280.61 -280.56 -1.12
Pt24Ni1Mo2s -417.63 -417.67 0.73
Pt24NigMois -379.24 -379.22 -0.47
Pt24NizMoo, -411.84 -411.75 -1.96
Pt24NipMo24 -422.49 -422.40 -1.87
Pt24NigMojs -373.23 -373.15 -1.50
Pt24NijoMo14 -367.44 -367.41 -0.56
Pt24NisMoio -395.36 -395.38 0.49
Pt24NizMoy7 -383.44 -383.47 0.64
Pt24NizMoy; -406.43 -406.29 -2.91
Pt24NisMoao -400.42 -400.40 -0.39
Pt24NigMois -389.48 -389.35 -2.84
Pt2sNijitMoi3 -361.14 -361.03 -2.29
Pt24NisMoi2 -355.46 -355.43 -0.75
Pt24NiisMoy; -349.31 -349.26 -1.17
Pt24Ni14sMoio -343.84 -343.72 -2.38
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Pt24Ni15sMog
Pt2aNisMosg
Pt24Ni7Mos
Pt24Ni1sMog
Pt24Nij9Mos
Pt24Ni20Mo4
Pt24Nix1Mos
Pt2uNixxMos
Pt24NixsMo;
Pt24N124Mog
Pt36Ni12Mog
Pt36Ni; 1Moy
Pt36NijoMo2
Pt36NigMos
Pt36NisMo4
Pt36Ni7sMos
Pt36NicMog
Pt36NisMo7
Pt3sNizMos
Pt36NizsMog
Pt36Ni2Moio
Pt36NiMoy;
Pt36NigMo12
Pt12NizsMog
Pt1oNisMoy
Pt1oNizsMos
Pt12Ni2sMoi2
Pt1oNizoMois
Pt1oNijgMoao
Pt12Ni12Mo24
Pt1oNigMoos
Pt1oNisMos;
Pt1oNigMoss
Pt42NigMog
Pt4;NisMo;
Pt42NisMoa
Pt4xNigMos
Pt4sNigMog
PtsNisxMog
PtsNizsMog
PtcNizoMo12

-338.31
-332.00
-325.97
-320.17
-313.89
-308.02
-301.80
-295.76
-289.39
-283.46
-287.83
-294.86
-300.86
-307.30
-313.88
-320.46
-326.72
-332.79
-339.15
-345.04
-351.15
-357.54
-363.85
-276.68
-300.07
-323.62
-345.61
-368.73
-388.25
-410.18
-429.99
-450.27
-472.72
-289.26
-296.08
-302.84
-328.89
-290.97
-271.99
-306.84
-341.45
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-338.19
-332.15
-326.12
-320.05
-313.84
-307.98
-301.79
-295.78
-289.37
-283.35
-287.84
-294.85
-300.89
-307.35
-313.78
-320.51
-326.67
-332.93
-339.17
-344.96
-351.14
-357.41
-363.80
-276.67
-299.79
-323.55
-345.62
-368.81
-388.18
-410.16
-429.92
-450.36
-472.87
-289.40
-296.31
-302.81
-328.88
-290.90
-271.92
-306.87
-341.06

-2.60
3.02
3.23
-2.46
-0.97
-0.99
-0.16
0.43
-0.54
-2.24
0.26
-0.40
0.55
1.11
-2.12
1.20
-1.10
291
0.40
-1.67
-0.26
-2.70
-1.08
-0.20
-5.80
-1.47
0.36
1.59
-1.42
-0.39
-1.39
1.74
3.16
3.08
4.74
-0.70
-0.16
-1.44
-1.33
0.61
-8.27



PteNisMois -371.76 -371.61 -3.16

PtsNi;2Mosg -433.28 -433.14 -3.04
PtsNigMo3s -466.06 -465.88 -3.69
PtsNiopMo42 -499.03 -498.95 -1.64
PtoNissMoog -267.56 -267.57 0.26
PtoNigMoas -525.60 -525.72 2.41

Table S3. Benchmark for the DFT setups of Monkhorst-Pack k mesh and plane-wave-basis set
cutoff energy

composition 25times-450eV 30times-500eV Editr (€V)
PtioNii1Mois -383.46 -383.46 0.00
Pt19oNisMo24 -417.93 -417.91 0.02
PtioNiisMoig -363.32 -363.29 0.03
Pt19NisMoag -391.71 -391.72 0.00
Pt19Ni3sMooe -428.38 -428.38 0.00
Pt19Ni;Moog -438.83 -438.84 -0.01
PtioNii7Morz -352.90 -352.92 -0.02
Pt19NizoMog -335.08 -335.07 0.01
Pt19NizsMog -304.86 -304.87 -0.01
Pt24Ni1Mo23 -417.63 -417.63 0.00
Pt24NigMois -379.24 -379.24 0.01
Pt24NixMo2» -411.84 -411.84 0.00
Pt24NigMois -373.23 -373.24 -0.01
Pt24NijoMo14 -367.44 -367.45 -0.01
Pt24NisMoio -395.36 -395.39 -0.03
Pt24NisMo17 -383.44 -383.45 -0.01
Pt24NizMoy; -406.43 -406.44 -0.01
Pt24NigMois -389.48 -389.52 -0.03
Pt24NijiMoi3 -361.14 -361.15 0.00
Pt24NiizMor2 -355.46 -355.46 0.01
Pt24Ni1sMog -338.31 -338.35 -0.03
Pt24NiisMos -332.00 -332.02 -0.02
Pt24Ni1sMoe -320.17 -320.20 -0.03
Pt24NijoMos -313.89 -313.88 0.01
Pt24NiMoy -295.76 -295.79 -0.03
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Pt36Ni;1Mo;
Pt36NijoMo2
Pt36NisMosg
Pt36NizsMog
Pt36Ni2Moio
Pt12Ni3:Moy
Pt12NixsMosg
Pt12Ni2sMoi2
Pt12NizoMoie
Pt12NisMoas
PteNizsMos
PtsNizpMoi2
PtsNizsMois
PtsNi12Moso
Pt19Ni;1Mois
Pt19NisMo24
Pt19NiisMoi4
Pt19NigMo2o
Pt19NisMo2s
Pt19Ni1Moas
Pt19Ni;7Moia
Pt19NizoMoy
Pt19NizsMoy
Pt24Ni1Mo2s
Pt24NisMoie
Pt24NiMo2»
Pt24NigMois
Pt24NijoMoi4
Pt24NisMoig
Pt24Ni7Moy7
Pt24NisMoa;
Pt24NigMois
Pt24NijiMois
Pt24NijzMoiz
Pt24Ni15sMog

-294.86
-300.86
-339.15
-345.04
-351.15
-300.07
-323.62
-345.61
-368.73
-429.99
-306.84
-341.45
-371.76
-433.28
-383.46
-417.93
-363.32
-391.71
-428.38
-438.83
-352.90
-335.08
-304.86
-417.63
-379.24
-411.84
-373.23
-367.44
-395.36
-383.44
-406.43
-389.48
-361.14
-355.46
-338.31
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-294.88
-300.88
-339.12
-345.02
-351.14
-300.06
-323.63
-345.60
-368.76
-430.01
-306.80
-341.47
-371.80
-433.29
-383.46
-417.91
-363.29
-391.72
-428.38
-438.84
-352.92
-335.07
-304.87
-417.63
-379.24
-411.84
-373.24
-367.45
-395.39
-383.45
-406.44
-389.52
-361.15
-355.46
-338.35

-0.02
-0.02
0.03
0.02
0.01
0.01
-0.01
0.01
-0.02
-0.02
0.03
-0.02
-0.03
-0.01
0.00
0.02
0.03
0.00
0.00
-0.01
-0.02
0.01
-0.01
0.00
0.01
0.00
-0.01
-0.01
-0.03
-0.01
-0.01
-0.03
0.00
0.01
-0.03



Pt24NijsMog
Pt24Ni1sMoe
Pt24NijoMos
Pt24NixxMos
Pt3sNiiiMoi
Pt36NijoMoy
Pt3sNisMos
Pt36NizMoog
Pt3sNizMoio

-332.00
-320.17
-313.89
-295.76
-294.86
-300.86
-339.15
-345.04
-351.15

-332.02
-320.20
-313.88
-295.79
-294.88
-300.88
-339.12
-345.02
-351.14

-0.02
-0.03
0.01

-0.03
-0.02
-0.02
0.03
0.02
0.01

1.3 Calculation Details of GCMC/SSW-NN method

Scheme S3. Overall procedure of the GCMC/SSW-NN method.

Surface

GCMC
Move

pr—p - Add/Del
Pt/Mo
¢

s

l SSW-NN

new composition

Upper limit of surface Mo coverage in GCMC/SSW-NN simulations

The upper limit of surface Mo coverage during GCMC/SSW-NN simulations is restricted to
below 0.2 monolayer (ML). This is because, in practice, the amount of surface Mo is limited, which
is determined by the size of nanoparticle. In experiment, the size of PtNiMo nanoparticle is typical
around 4.1 nm®. In this case, Wulff construction shows that the upper limit of surface Mo coverage

is 0.2 ML. The details are described as follows.

Waulff construction states that a particle reaches the lowest surface free energy when its shape
satisfies the criterion that the surface energy (y;) of a given face is proportional to the distance 4;
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from the center of the polyhedron to that surface, as shown in Eq. 10-11.
yi/h; = constant (10.)
Yi = [Esiap = N * Epuiic]/24 (11-)
Here we set y(111) = 1.41 J/m? and y(100) = 1.61 J/m?, respectively. According to Wulff construction,
the equilibrium shape of PtNiMo is cuboctahedral, which exposes eight {111} and six {100} (see
Figure 1)°”. The particle size is defined by the distance between (111) and (111), which is denoted
as dgii1). We set the d(i11) to 4.1 nm, and obtain the side length of (100) surface is 3 nm and its area
is 9 nm? for each face. The side length of (111) is 3.1 nm and its area is 25.73 nm? (see Figure S1b).
Altogether, the total area of six (100) surfaces and eight (111) surfaces is 259.83 nm?, and the volume
of PtNiMo particle is 322.67 nm®. The total number of atoms is 22019. According to the ratio of the
surface area to volume, it indicates that the number of surface atoms is 1774, and the total number
of Mo (at 1.6% Mo content) in the particle is 353. Thus, the upper limit of surface Mo is 353/1774
=0.20 ML.

Figure S1. (a) [llustration of the Wulff construction. (b) Wulff shape of PtNiMo nanoparticles with
daiy=4.1 nm.

Chemical potentials for Mo
To calculate the chemical potential of Mo, we calculated all forms that can appear in nature,
either neutral metal atoms in bulk phase or free ions in the electrolyte from experiments.
(1) Neutral Mo metal atoms in bulk PtNiMo alloy
PtNi —nMo — PtNi — (n — 1)Mo + [Mo] (12)

where [Mo] represents an atom in the reservoir. In this case, the chemical potential of Mo is then

defined as
Upor = G(PtNi —nMo) — G[PtNi — (n — 1)Mo] = —13.23eV (13)
(i) Mo?*" cation in electrolyte
Mo3t + 3e™ - [Mo] (14)
where [Mo] represents an atom in the reservoir. The chemical potential of Mo is defined as
EUmor = Humo3+ + 3le- (15)

Upo3+ is the electrochemical potential of Mo®*, .- is the electrochemical potential of electron.
U3+ can be derived by the redox reaction on the Mo**/Mo electrode:
Mo3t +3e~ > Mo (16)

At the standard electrode potential (E 1?,1 03+ /Mo) and standard conditions, the redox reaction is in
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equilibrium, and thereby

AG = Gy — py 5+ — 31t =0 (17)

eMo3+/Mo

Haros+ = Gito = 3He, 1y (18)
where “1?/10“ is the electrochemical potential of Mo®" at standard conditions (¢’ = 1 M),

U is the electrochemical potential of electron in the Mo**/Mo electrode. For Mo®* with

61;03+/Mo
other concentrations (c), we get

0
aro3+ = Uypga+ — 3”‘51\_403+/Mo + kgTln(c/c?) (19)

The concentration of Mo is set as ¢ = 10 mol/L. Substituting Eq. 19 into Eq. 15, we get

Haon = Hyos+ + 3tte= = Gito = 3ker, o, + kpTIn(c/c®) + 3pic- (20)
Reformulate Eq. (22), we get
Ho" = Gito = Bbhey, o, F kpTIn(c/c®) + 3ue-
= Giro +3 (" ~ bep 0 ,,,) F HaTINCE/C%) = BGE™ — ) @D
where uSHE is the electrochemical potential of electron in SHE. Since the electrode potential U is
defined as
U= @ﬁef‘“e‘) (22)

Where U is the electrode potential vs. SHE, while e is the element charge. Substituting Eq. 22 into

Eq. 23, we get
Upo' = Gl\qlo +3 (HgHE - ‘uez\_/lo3+/Mo) + kBTln(C/CO) - 3(HSHE - :ue—) (23)
=G + 3E18103+/M0+ kgTin(c/c®) — 3eU
AtU=0.9V, the umo» is calculated to be
Uptorr = —14.49 eV (24)

(iii) HxMoOs4(aq) in the electrolyte

H,M00,(aq) + 6H* + 6e~ - [Mo] + 4H,0 (25)
where [Mo] represents an atom in the reservoir. The chemical potential of Mo is defined as
Umorn = GH2M004 + 6+ + 6pte- — 4'GHZO (26)

Uy+ is the electrochemical potential of H(aq). Gy,umo0, can be derived by the redox reaction on
the H2Mo0O4/Mo electrode:

H,Mo00,(aq) + 6H* + 6e~ - Mo + 4H,0 27
At the standard electrode potential (E ,32 Mo0,/Mo) and standard conditions, the above redox reaction

is in equilibrium, and thereby

0 _ 0 0 0
Ki,mo0, = Gumo +4GH,0 — Oly+ — 6“e§2Moo4/Mo (28)

Substituting Eq. 28 into Eq. 26, we get
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Humo = Guymoo, + 6yt + 6lle- — 4Gh,0

= Gyo +4GfY,0 — 6+ — 6Her, oo, o T KBTIN(C/CO) + 6y + 6pe- — 4G o
=Gl — 6keii. voouo T kgTin(c/c®) + 6p,- (29)
= GIBIO +6 (/feﬂjE - Me§2M004/M0) + kBTln(C/CO) - 6(.“3§E - .ue‘)

= Gyro + 6E§ Moo, mo + kpTln(c/c®) — 6eU

The concentration of HoMoOs4 is set as ¢ = 10 mol/L. The uwmo is calculated to be

Upmo'' = —15.93elV (30)
The final py, is then the maximum of py,r, o', and ppgorrr
Umo = Max{lo’s Uo's Pmo'} = —13.23eV (D)

Table S4. Chemical potentials of Mo derived from Eq. 13 with different Mo contents

Mo% Reactions Hvo (eV)
2.08% Pts6Nij1Moi—Pt3eNiy+[Mo] -13.23
1.39% PtssNi;7Mo;—Pts4Nij7+[Mo] -13.30
0.55% Pt135NissMo1—Pt135Niss+[Mo] -13.38

Chemical potential for Pt

nPt — Ni - (n — 1)Pt — Ni + [Pt] (32)
Ups = G(mPt — Ni) — G[(n — 1)Pt — Ni] = —6.21eV (33)
Chemical potential for O
H,0 - 2H* + 2e™ + [0] (34)
Ho = G0 — 2fp+ — 2Mle- (35)

For the Standard Hydrogen Electrode (SHE: H + e — 1/2 Hy, pH =0, p = 1bar, T =298.15 K) as
reference, where we get

1
AG = E6,32 —2uls —psHE =0 (36)
Uy+ can be estimated as
1
g = 2 GO(Hy) — us?® (37)

Substituting Eq. 37 into Eq. 35, we get
Ho = 619120 - 2#1(-)1+ — 2phe-
= Gp,0 — 2 (% GO(H,) — uﬁf’5> — 2~
= G0 — GO(Hy) + 2(u™* — pe-)
=G0 — G°(H,) + 2eU = —5.62 eV

(38)

The [Pt], [Mo], and [O] represent an atom in the reservoir, G(nPt-Ni), G[(n-1)Pt-Ni], G(PtNi-nMo),
and G[PtNi-(n-1)Mo] are energies of GM for the corresponding bulk phase determined by SSW-
NN. In Eq. 13, we use two PtNiMo bulks with of PtssNijg for nPt-Ni and Pts3Ni;s for (n-1)Pt-Ni.
G(Pt) and G(Mo) are the Gibbs free energy of pure Pt and Mo metals. E%vo3+Mo, and E%amoodmo
are standard electrode potentials from experiments®. The concentration of ions (Eq. 19, 20, 21, 23,
and 29) are set as ¢ = 10™* mol/L.
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Figure S2. (a) Thermodynamic convex hull diagram of Pt7s ¢Nizs.0xMox; (b) GM structures of the
convex points. Blue balls are Pt; violet balls are Ni; cyan balls are Mo.
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Figure S3. (a) Sideview of GM structure for the Pt7s0Nix.3Mo27(111); (b) Cross section for the 1
and 2" atomic layer of Pt;s (Niz2 3Mo27(111). (c) Atomic contents for the first three surface layers
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2. GCMC/SSW-NN trajectory of Pt759Ni2s.0 surface
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-6.50
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Figure S4. Structures and energetic profiles for the intermediate states and the evolution of
Pt750Nizso (111) at 0.9V vs. RHE. Each state is named as nO + mPt, where n and m represent the
number of O and Pt atoms that are added in the unit cell at the current GCMC step. The atoms above
the surface plane are depicted in the ball-and-stick style, while other atoms are depicted in the CPK
style. Colors in figure: Blue balls are Pt; Violet balls are Ni; Cyan balls are Mo; Red balls are O.
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-6.0 = Pt;50Nizs (100)
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Figure SS. Structures and energetic profiles for the intermediate states and the evolution of
Pt75.0Nizs0 (100) at 0.9V vs. RHE. Each state is named as nO + mPt, where n and m represent the
number of O and Pt atoms that are added in the unit cell at the current GCMC step. The atoms above
the surface plane are depicted in the ball-and-stick style, while other atoms are depicted in the CPK
style. Colors in figure: Blue balls are Pt; Violet balls are Ni; Cyan balls are Mo; Red balls are O.
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Figure S6. Structures and energetic profiles for the intermediate states and the evolution of
Pt750Nizs0 (221) at 0.9V vs. RHE. Each state is named as nO + mPt, where n and m represent the
number of O and Pt atoms that are added in the unit cell at the current GCMC step. The atoms above
the surface plane are depicted in the ball-and-stick style, while other atoms are depicted in the CPK
style. Colors in figure: Blue balls are Pt; Violet balls are Ni; Cyan balls are Mo; Red balls are O.
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Figure S7. Structures and energetic profiles for the intermediate states and the evolution of
Pt750Nizs0 (211) at 0.9V vs. RHE. Each state is named as nO + mPt, where n and m represent the
number of O and Pt atoms that are added in the unit cell at the current GCMC step. The atoms above
the surface plane are depicted in the ball-and-stick style, while other atoms are depicted in the CPK
style. Colors in figure: Blue balls are Pt; Violet balls are Ni; Cyan balls are Mo; Red balls are O.
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3. GCMC/SSW-NN trajectories of PtNiMo Surfaces

Due to the importance of the surface ‘MoOQs, it is intriguing to investigate the formation
mechanism of "MoOa. To this end, we take a close look at the GCMC/SSW-NN trajectory of the
Pt750Ni23Mo27 (111) surface at 0.9Vrug, as shown in Figure S8. The bare surface (‘00 state)
contains two Mo atoms at the subsurface in each unit cell. Then, one O atom attaches on the surface,
whilst one Mo atom migrates on the surface, forming a metal-oxo complex, "Mo=0 ("10 state).
Next, the second terminal “Mo=0 group forms by adding another O on the surface (20 state). Then,
the third O atom is added on the surface, which links two Mo=0 groups to a "Mo"0,-O-Mo moiety

[35:22]

(30 state). The superscript “*” indicates that this Mo atom leaches out from the lattice site, leaving
a lattice vacancy beneath the Mo” atom. The fourth O attaches on the leached Mo” atom to form a
Mo*03-O-Mo moiety (“40 state). Meanwhile, the lattice vacancy moves from the surface to the
third layer of the slab. Subsequently, a Pt atom is added to this system to heal this lattice vacancy
(40+1Pt state). The fifth O atom is added to the "Mo*03-O-Mo moiety to form a "Mo*0,-O-"Mo*O;
group (50O+1Pt state). In this state, the remaining lattice Mo leaches out of the surface, while the
lattice vacancy site locates at the second atomic layer of the slab. The sixth O atom attaches to the
surface to form a "Mo"03-O-"Mo"O; group. The seventh O attaches on the surface to further form a
"Mo*03-0-"Mo*O; group. Then, the second Pt atom is added to the system to fill the lattice vacancy
at the second atomic layer. Finally, the eighth O is added on the "Mo0”O3-O-"Mo*O3 moiety to form
two tetrahedral-coordinated "Mo*Ox4 groups, and further addition of O atoms to the 90+2Pt state is

endothermal.

0.0— U=0.9V
l 20+1Pt
sl p 30+2Pt
= J 30+1Pt ,*
> S —
< 40— 40 40¥20¢ 50+3Pt
g i i _50+2Pt ,° 60+3Pt
-6.0 50+1Pt ! 60+2Pt
lari 8 70+3Pt 8O+3Pt
] 60+1Pt goHpL , =
-8.0— Pt;5,Niy3Mo,, (111 70+1Pt S m—
8.0 75.0Niz2 MO, 7 (111) 70+2Pt 80szpt 90+2Pt
: . .

0 1 2 3 4 5 6 7 8 9 10 11
Atomic Change Number

Figure S8. Structures and energetic profiles for the intermediate states and the evolution of
Pt750Ni23Mo27 (111) at 0.9V vs. RHE. Each state is named as nO + mPt, where n and m represent
the number of O and Pt atoms that are added in the unit cell at the current GCMC step. The atoms
above the surface plane are depicted in the ball-and-stick style, while other atoms are depicted in
the CPK style. Colors in figure: Blue balls are Pt; Violet balls are Ni; Cyan balls are Mo; Red balls

are O.
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* .3 *

Figure S9. Structures and energetic profiles for the intermediate states and the evolution of
Pt75.0Ni2.3Mo2.7 (100) at 0.9V vs. RHE. Each state is named as nO + mPt, where n and m represent
the number of O and Pt atoms that are added in the unit cell at the current GCMC step. The atoms
above the surface plane are depicted in the ball-and-stick style, while other atoms are depicted in
the CPK style. Colors in figure: Blue balls are Pt; Violet balls are Ni; Cyan balls are Mo; Red balls

are O.
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Figure S10. Structures and energetic profiles for the intermediate states and the evolution of
Pt750Ni23Mo27 (221) at 0.9V vs. RHE. Each state is named as nO + mPt, where n and m represent
the number of O and Pt atoms that are added in the unit cell at the current GCMC step. The atoms
above the surface plane are depicted in the ball-and-stick style, while other atoms are depicted in
the CPK style. Colors in figure: Blue balls are Pt; Violet balls are Ni; Cyan balls are Mo; Red balls

are O.
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Figure S11. Structures and energetic profiles for the intermediate states and the evolution of
Pt750Ni2.3Mo27 (211) at 0.9V vs. RHE. Each state is named as nO + mPt, where n and m represent
the number of O and Pt atoms that are added in the unit cell at the current GCMC step. The atoms
above the surface plane are depicted in the ball-and-stick style, while other atoms are depicted in
the CPK style. Colors in figure: Blue balls are Pt; Violet balls are Ni; Cyan balls are Mo; Red balls

are O.
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Figure S12. Structures and energetic profiles for the intermediate states and the evolution of
Pt750Ni2.3Mo27 (210) at 0.9V vs. RHE. Each state is named as nO + mPt, where n and m represent
the number of O and Pt atoms that are added in the unit cell at the current GCMC step. The atoms
above the surface plane are depicted in the ball-and-stick style, while other atoms are depicted in
the CPK style. Colors in figure: Blue balls are Pt; Violet balls are Ni; Cyan balls are Mo; Red balls

are O.
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Figure S13. Structures and energetic profiles for the intermediate states and the evolution of
Ptes.7Nizo.sMo27 (111) at 0.9V vs. RHE. Each state is named as nO + mPt, where n and m represent
the number of O and Pt atoms that are added in the unit cell at the current GCMC step. The atoms
above the surface plane are depicted in the ball-and-stick style, while other atoms are depicted in
the CPK style. Colors in figure: Blue balls are Pt; Violet balls are Ni; Cyan balls are Mo; Red balls

are O.
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Figure S14. Structures and energetic profiles for the intermediate states and the evolution of
Ptes.7Niz0.sMo02.7 (100) at 0.9V vs. RHE. Each state is named as nO + mPt, where n and m represent
the number of O and Pt atoms that are added in the unit cell at the current GCMC step. The atoms
above the surface plane are depicted in the ball-and-stick style, while other atoms are depicted in
the CPK style. Colors in figure: Blue balls are Pt; Violet balls are Ni; Cyan balls are Mo; Red balls

are O.

46



AG (eV)

-10.00 4
-12.00

6.00
4.00 A
2.00 A
0.00 1
-2.00 A
-4.00 4
-6.00 4
-8.00 4

Ptge ;Nijo sMo, 7(221)

40+0Pt 40+1Pt

30+0Pt

70+3Pt
60+1Pt §0+2PR/O+2Pt == 80+3Pt

80+1Pt 80+2Pt 90+2Pt

80+4Pt

0 1 2 3 4 5 6 7 8 9 10
Atomic Change Number

1" 12

Figure S15. Structures and energetic profiles for the intermediate states and the evolution of
Ptes.7Niz0.sMo2.7 (221) at 0.9V vs. RHE. Each state is named as nO + mPt, where n and m represent
the number of O and Pt atoms that are added in the unit cell at the current GCMC step. The atoms
above the surface plane are depicted in the ball-and-stick style, while other atoms are depicted in
the CPK style. Colors in figure: Blue balls are Pt; Violet balls are Ni; Cyan balls are Mo; Red balls

are O.
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Figure S16. Structures and energetic profiles for the intermediate states and the evolution of
Ptes.7Niz0.sMo2.7 (211) at 0.9V vs. RHE. Each state is named as nO + mPt, where n and m represent
the number of O and Pt atoms that are added in the unit cell at the current GCMC step. The atoms
above the surface plane are depicted in the ball-and-stick style, while other atoms are depicted in
the CPK style. Colors in figure: Blue balls are Pt; Violet balls are Ni; Cyan balls are Mo; Red balls

are O.
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Figure S17. Structures and energetic profiles for the intermediate states and the evolution of
Ptgo.6Niig.7Mo27 (111) at 0.9V vs. RHE. Each state is named as nO + mPt, where n and m represent
the number of O and Pt atoms that are added in the unit cell at the current GCMC step. The atoms
above the surface plane are depicted in the ball-and-stick style, while other atoms are depicted in
the CPK style. Colors in figure: Blue balls are Pt; Violet balls are Ni; Cyan balls are Mo; Red balls

are O.
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Figure S18. Structures and energetic profiles for the intermediate states and the evolution of
Ptgo.6Niis.7Mo02.7 (100) at 0.9V vs. RHE. Each state is named as nO + mPt, where n and m represent
the number of O and Pt atoms that are added in the unit cell at the current GCMC step. The atoms
above the surface plane are depicted in the ball-and-stick style, while other atoms are depicted in
the CPK style. Colors in figure: Blue balls are Pt; Violet balls are Ni; Cyan balls are Mo; Red balls

are O.
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Figure S19. Structures and energetic profiles for the intermediate states and the evolution of
Ptgo.sNiig.7Mo2.7 (221) at 0.9V vs. RHE. Each state is named as nO + mPt, where n and m represent
the number of O and Pt atoms that are added in the unit cell at the current GCMC step. The atoms
above the surface plane are depicted in the ball-and-stick style, while other atoms are depicted in
the CPK style. Colors in figure: Blue balls are Pt; Violet balls are Ni; Cyan balls are Mo; Red balls

are O.
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Figure S20. Structures and energetic profiles for the intermediate states and the evolution of
Ptgo.6Niig.7Mo27 (211) at 0.9V vs. RHE. Each state is named as nO + mPt, where n and m represent
the number of O and Pt atoms that are added in the unit cell at the current GCMC step. The atoms
above the surface plane are depicted in the ball-and-stick style, while other atoms are depicted in

the CPK style. Colors in figure: Blue balls are Pt; Violet balls are Ni; Cyan balls are Mo; Red balls

are O.
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Figure S21. Structures and energetic profiles for the intermediate states and the evolution of
Ptg3sNij3.sMo27 (111) at 0.9V vs. RHE. Each state is named as nO + mPt, where n and m represent
the number of O and Pt atoms that are added in the unit cell at the current GCMC step. The atoms
above the surface plane are depicted in the ball-and-stick style, while other atoms are depicted in
the CPK style. Colors in figure: Blue balls are Pt; Violet balls are Ni; Cyan balls are Mo; Red balls

are O.
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Figure S22. Structures and energetic profiles for the intermediate states and the evolution of
Ptg3.sNii3.8Mo2.7 (100) at 0.9V vs. RHE. Each state is named as nO + mPt, where n and m represent
the number of O and Pt atoms that are added in the unit cell at the current GCMC step. The atoms
above the surface plane are depicted in the ball-and-stick style, while other atoms are depicted in
the CPK style. Colors in figure: Blue balls are Pt; Violet balls are Ni; Cyan balls are Mo; Red balls

are O.
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Figure S23. Structures and energetic profiles for the intermediate states and the evolution of
Ptg3 sNii3.sMo27 (221) at 0.9V vs. RHE. Each state is named as nO + mPt, where n and m represent
the number of O and Pt atoms that are added in the unit cell at the current GCMC step. The atoms
above the surface plane are depicted in the ball-and-stick style, while other atoms are depicted in
the CPK style. Colors in figure: Blue balls are Pt; Violet balls are Ni; Cyan balls are Mo; Red balls

are O.
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Figure S24. Structures and energetic profiles for the intermediate states and the evolution of
Ptg3sNij3.sMo27 (211) at 0.9V vs. RHE. Each state is named as nO + mPt, where n and m represent
the number of O and Pt atoms that are added in the unit cell at the current GCMC step. The atoms
above the surface plane are depicted in the ball-and-stick style, while other atoms are depicted in
the CPK style. Colors in figure: Blue balls are Pt; Violet balls are Ni; Cyan balls are Mo; Red balls

are O.
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Figure S25. Structures and energetic profiles for the intermediate states and the evolution of
Ptg3.sNii3.8Mo27 (210) at 0.9V vs. RHE. Each state is named as nO + mPt, where n and m represent
the number of O and Pt atoms that are added in the unit cell at the current GCMC step. The atoms
above the surface plane are depicted in the ball-and-stick style, while other atoms are depicted in
the CPK style. Colors in figure: Blue balls are Pt; Violet balls are Ni; Cyan balls are Mo; Red balls

are O.
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Figure S26. Structures and energetic profiles for the intermediate states and the evolution of

Ptg3sNij3sMo27 (111) at 1.1V vs. RHE. Each state is named as nO + mPt, where n and m represent
the number of O and Pt atoms that are added in the unit cell at the current GCMC step. The atoms

above the surface plane are depicted in the ball-and-stick style, while other atoms are depicted in
the CPK style. Colors in figure: Blue balls are Pt; Violet balls are Ni; Cyan balls are Mo; Red balls

are O.
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Figure S27. Structures and energetic profiles for the intermediate states and the evolution of
Ptg3.sNii3.8Mo2.7 (100) at 1.1V vs. RHE. Each state is named as nO + mPt, where n and m represent
the number of O and Pt atoms that are added in the unit cell at the current GCMC step. The atoms
above the surface plane are depicted in the ball-and-stick style, while other atoms are depicted in
the CPK style. Colors in figure: Blue balls are Pt; Violet balls are Ni; Cyan balls are Mo; Red balls

are O.
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Figure S28. Structures and energetic profiles for the intermediate states and the evolution of
Ptg3 sNij3.sMo27 (221) at 1.1V vs. RHE. Each state is named as nO + mPt, where n and m represent
the number of O and Pt atoms that are added in the unit cell at the current GCMC step. The atoms
above the surface plane are depicted in the ball-and-stick style, while other atoms are depicted in
the CPK style. Colors in figure: Blue balls are Pt; Violet balls are Ni; Cyan balls are Mo; Red balls

are O.
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Figure S29. Energy profiles for the GCMC/SSW-NN trajectories of Pt7soNix Moz 7(111) at 0.8,
0.9, and 1.2V vs RHE. Colors in the right column: blue balls are Pt; violet balls are Ni; cyan balls
are Mo; red balls are O.

4. ORR Activity on Pts;s9Ni23Mo27(111), PtsssNizsMoz7(111), and
Pt75.0Ni25.0(111)-0.16 ML O

As the electrode potential increases, the “O adatom would gradually appear on the clean
electrode surface. We calculate the “O coverage for PtssNiz3Mo27(111) and PtssoNixso(111), as
shown in Figure S31. Note that we did not perform SSW global optimization in this calculation, so
the surface would not reconstruct during simulation. At 0 ~ 0.8 V, both surfaces are clean. At 0.8 ~
0.9 V, Pt50Nizs o(111) surface starts to be covered by 0.08 ML "0, while at 0.9 V, the *O coverage
increases to 0.16 ML. For PtssoNix3Mo27(111), it starts to be covered by 0.08 ML “O at 0.83 V,
while at 0.94 V, the *O coverage increases to 0.16 ML. So, at 0.9 V, the “O coverage on the clean
Pt75.0Nizs.0(111) surface can reach up to 0.16 ML before surface reconstruction.
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Figure S30. A surface phase diagram of Pt750Nizso (111) and Ptys0Ni223Moz 7(111). To illustrate
curve clearly, a constant spacing in the y-axis is applied for the AG of the clean surfaces for

Pt75.0Nizs.0 (111).
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Figure S31. Free energy profile for ORR on in-situ Pt750Nix 3sMo27(111) at 0.9V.
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Figure S32. Free energy profile for ORR on the in-situ Ptg3 sNij38Mo27(111) at 0.9V.
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Figure S33. Free energy profile for ORR on the Pt750Ni2s0(111)-0.16 ML O surface at 0.9V.
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5. Dissolution Free Energy of "MO4

As we have shown in the main text, the dissolution free energy AGuiss is defined as the
Pt —Ni—2MO, + 2x + y)H* - Pt — Ni — MO, + H,MO;*, + xH,0 (39)
Pt —Ni—2MO, + 4H* - Pt — Ni — MO, + M™* + 2H,0 (40)
In Eq.46-47, the "MO4 group can left from the surface by forms of MOs™(VO*", MnOx", TcOx),
H.MO; (HoMoO4, HCrO4') or M™( Cr**, Fe**, Nb**, Ta*", W', Ru**, Os**, Re*"). If a metal has
multiple ionic forms (e.g., Mn?*, Mn*", HMnOs", MnO4>). We give detailed examples of each ion
forms.
MO4™
We take MnO4?" as the example,
PtNi — MnO, + e~ — PtNi + MnO, (41)
AG = G(PtNQ) + pyno; — G(PtNi — Mn0,) — pe-
= G(PtNi) + pppno; + kgTin(c/c®) — G(PtNi — MnO,) — -

where the concentration of ions set as ¢ = 10™ mol/L.

(42)

According to the definition of electrode potential, the free energy change of Eq. 43 is 0 when at the
electrode potential of E 1?4no; /un- Then, we can get that

MnO; + 8H* + 7e~ » Mn(s) + 4H,0 (43)
AG = [ + 4,0 — Buy+ — THeinoz n Hmo; =0 (44)
where uY, is the energy of bulk Mn.

Kimoy = Him + 4,0 — 8ly+ — THegnoz /mn

= Wi + 0 = By + TptE = Tper o= TugtE (45)

= Upn + 4uy,o — Buy+ + 7eEI(\)4n04_/Mn — 7ust®

Substituting Eq. 45 into Eq. 42, we get
AG = G(PtNi) + tpmo- + kgTin(c/c®) — G(PtNi — MnO,) — -
= G(PtND) + ppn + 4,0 — Bty + 7€Epnoz jun — 712"
+kgTin(c/c®) — G(PtNi — Mn0,) — p,-
= G(PtNi) — G(PtNi — Mn0,) + 3y + 41,0 + 7€Epmo- jun + ksTin(c/c®)
—8uy+ — Tu?E — pe-
= G(PtNi) — G(PtNi — Mn0,) + upyy, + 41,0 + 7€Eno- un + ksTin(c/c®)
—8(uy+ + pe-) + Tpe- — Tug" (46)
= G(PtNi) — G(PtNi — Mn0,) + upyy, + 4ftp,0 + 7€Epno- un + ksTin(c/c®)
-8 GuHZ — et + ue—> — 7" — pe-)
= G(PtNi) — G(PtNi — Mn0,) + upyy, + 41,0 + 7€Epno- jun + ksTin(c/c®)
—4py, +8elU —7eU
= G(PtNi) — G(PtNi — Mn0,) + upyy, + 41,0 + 7€Epno- jun + ksTin(c/c®)
—4uy, + el
And the contribution of ¢ can be further corrected by a term of 0.0591g(c). Thus, the AGuiss can be
summarized as Eq. 47
AGgiss = G(PENi) — G(PtNi — MnO,) + pippn + 4ttys,0 + 7€Eppno- jn + 0.059 X lg(1 X 107)
—4uy, +elU =-090eV  (47)
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Hu.MOq,
We take H:MoOs as the example,
PtNi — MoO, + 2H* + 2e~ - PtNi + H,Mo0, (48)
AG = G(PtND) + py,mo0, — G(PENi — M00,) — 2pty+ — 2o~
= G(PtND) + uf), moo, + kpTin(c/c®) — G(PtNi — M00,) — 2uy+ — 24t-

where the concentration of ions set as ¢ = 10™ mol/L.

(49)

According to the definition of electrode potential, the free energy change of Eq. 50 is 0 when at the
electrode potential of E ,32 Moo, /Mo~ hen, we can get that

H,Mo00,(aq) + 6H* + 6e~ - Mo + 4H,0 (50)
AG = piyo + 4u,o0 = Gy = Gller o = Hilmo0, = O (51)
where uY, is the energy of bulk Mo.

:u?IZM004 = Uiro + 4,0 — Oty + — 6lle§2Moo4/Mo
= Ui + 4,0 — bfiy+ + (6u§f’E = 6Heji 1100, ,M,,) — 6ugt® (52)

= Uiro + 4iy,0 — 6uy+ + 63E1912Moo4/Mo — 6zt

Substituting Eq. 52 into Eq. 49, we get
AG = G(PtND) + pg moo, + kpTln(c/c®) — G(PtNi — M00,) — 2+ — 2/t~
= G(PtNi) — G(PtNi — Mo0,)

o + 4,0 — 6+ + 6€Ef oo, /mo — 61e2" + kpTin(c/c®) — 2py+ — 2pte-
= G(PtNi) — G(PtNi — Mo0,) + o + 4,0 + 6€Ef w0, /mo + kpTIn(c/c®)
—8uy+ — 61" — 2pu,-
= G(PtNi) — G(PtNi — M0oOy) + upy, + 4tin,0 + 6eE,32M004/M0 + kgTin(c/c?)

—8(uy+ + Ue-) — 6#51—”5 + 64, (53)
= G(PtNi) — G(PtNi — Mo0,) + ppyo + 4,0 + 6€Ef moo, Mo + keTIn(c/c®)

1

-8 (E.qu — ptE + ue—> — 6(ug" — pe-)
= G(PtNi) — G(PtNi — M0oOy) + upo + 4tin,0 + 6eE,32M004/M0 + kgTin(c/c®)
—4uy, + 8elU — 6eU
= G(PtNi) — G(PtNi — Mo0,) + o + 4,0 + 6€Ef, o0, /M0 + kpTIn(c/c®)
—4uy, + 2eU

And the contribution of ¢ can be further corrected by a term of 0.0591g(c). Thus, the AGuiss can be

summarized as Eq. 54
AGgiss = G(PtNi) — G(PtNi — M0o0,) + upy, + 4itu,0 + 6€E] 100, Mo

+0.059 X Ig(1 x 107™*) — 4puy, + 2eU = 0.16 eV (54)
Mn+
We take Cr’* as the example,
PtNi — Cr0O, + 8H* + 5e~ - PtNi + Cr3* + 4H,0 (55)

AG = G(PtNi) + pcys+ + 4,0 — G(PENi — Cr0,) — 8uy+ — Spe-
= (PtNi) + ,ugr3+ + kgTIn(c/c®) + 4py,0 — G(PENi — Cr0,) — 8py+ — St

where the concentration of ions set as ¢ = 10™ mol/L.

(56)

To calculate ,ugr3+, we use the standard half-electrode potential E gr3+ Jcr
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According to the definition of electrode potential, the free energy change of Eq. 57 is 0 when at the

electrode potential of E gr3+ Jcr- Then, we can get that

Cr3* +3e~ > Cr (57)
AG = U@y = Hepse = 3lherq, =0 (58)
Hepse = MG = BMezy, = Her = BMez,, = MG + 33 = Bpez, = 3t 59

= rugr + 36E2r3+/Cr - 3'ngle

where u2. is the energy of bulk Cr.
Substituting Eq. 59 into Eq. 56, we get

AG = G(PtNQ) + g, s+ + kgTin(c/c®) + 4uy,o — G(PENi — Cr0,) — 8uy+ — Spte-
= G(PtNQ) + ud + 3€E¢, s o — 3122 + kpTin(c/c®)
+4py,0 — G(PtNi — Cr0,) — 8uy+ — Spte-
= G(PtNi) — G(PtNi — Cr0,) + 4uy,o
+ul, + 3eE2T3+/CT + kgTin(c/c®) — 3us"E — 8(upy+ + te-) + 3Ue-
= G(PtNi) — G(PtNi — Cr0,) + 4py,0
@y + 3€Eg, v o + kpTin(c/c®) — 8(uy+ + pe-) — 3(ud* — p,-)

= G(PtNi) — G(PtNi — Cr0,) + 4y, 0 (60)

1
+ugy + 3eEg, s+ ¢, + kpTn(c/c®) — 8 (Euyz — et + ue—> = 3(u?* — pe-)
= G(PtNi) — G(PtNi — Cr0,) + 4uy,o
+py + 3eEQ av o, + kpTin(c/c®) — dpy, + 8" — pe-) — 3(ud* — p,-)
= G(PtNi) — G(PtNi — Cr0,) + 4up,o
+ul, + 3eEgr3+/Cr + kpTin(c/c®) + kgTln(c/c®) — 4py, + SWS?F — pe-)
= G(PtNi) — G(PtNi — Cr04) + 4y o
+ul + 39E8r3+/6r + kgTin(c/c®) — 4uy, + SeU

And the contribution of ¢ can be further corrected by a term of 0.0591g(c). Thus, the AGuiss can be

summarized as Eq. 61
AGgiss = G(PtNi) — G(PtNi — Cr0,) + 4uy,o + ul, + 36E3r3+/6r +0.059 x lg(1 x 107%)

—4uy, +5eU = —0.87 eV (61)

All the results of screened elements are summarized in Table S5-S6. The bold number is the
most negative dissolution free energy for each "MOj to represent the dissolution free energy of "MO..

Table S5. Full list of dissolution free energy of "MO4

AGdiss
(eV)

Mo3* + 3e™ = Mo(s)
Mo , 3 o 1.60
Pt — Ni — MoO, + 8H* + 5¢~ - Pt — Ni + Mo** + 4H,0
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H,M00,(aq) + 6H* + 6e~ - Mo(s) + 4H,0

Pt — Ni — MoO, + 2H* + 2e~ — Pt — Ni + H,MoO, 0.16
V2t +2e” > V(s) 0.68
v Pt—Ni—V0,+8H* +6e~ - Pt — Ni +V?* + 4H,0 '
VO?** + 2H* + 4e~ > V(s) + H,0 451
Pt —Ni—VO0, + 6H* + 2e~ » Pt — Ni + VO?* + 3H,0 )
Cr3* +3e™ - Cr(s) 0.87
o Pt —Ni—CrO, + 8H* +5e~ - Pt — Ni + Cr3* + 4H,0 )
HCrO; +7H* + 6e~ - Cr(s) + 4H,0 531
Pt—Ni—CrO,+ H* +2e~ -» Pt — Ni + HCrO; ’
Mn?* + 2e™ — Mn(s) 104
Mn Pt — Ni — MnO, + 8H* + 6e~ — Pt — Ni + Mn?* + 4H,0
MnO; + 8H* + 3e~ » Mn(s) + 4H,0
Pt — Ni — MnO, + e~ - Pt — Ni + MnO; 089
Fe3* +3e™ - Fe(s) 158
Fe Pt — Ni—FeO, + 8H* + 5¢~ - Pt — Ni + Fe3* + 4H,0
FeO;~ + 8H* + 6e~ — Fe(s) + 4H,0 8.70
Pt — Ni — FeO, + 2e~ - Pt — Ni + Fe0}~ ‘
Nb | Nb3* + 3e~ = Nb(s) . 048
Pt — Ni— NbO, + 8H* + 5e~ - Pt — Ni + Nb3* + 4H,0
Tc?t +2e™ - Tc(s) 518
o Pt — Ni—TcO, +8H" + 6e~ > Pt — Ni + Tc?** + 4H,0 ‘
TcO; + 8H* +7e~ - Tc(s) + 4H,0 0.19
Pt —Ni—TcOs+e~ > Pt—Ni+TcO,
Ru Ru?* + 2e~ - Ru(s) o2
Pt — Ni — RuO, + 8H* + 6e~ — Pt — Ni + Ru** + 4H,0
Os | 0s%t +2e™ - 0s(s) . 42
Pt — Ni— 0s0, + 8H* + 6e~ - Pt — Ni + 0s** + 4H,0
T Ta?* +3e™ - Ta(s) 159
Pt — Ni—Ta0O, + 8H* + 5~ - Pt — Ni + Ta®>* + 4H,0
Re3* +3e™ — Re(s) 245
Re Pt — Ni — ReO, + 8H* + 5¢~ - Pt — Ni + Re3* + 4H,0
ReO; + 8H* + 7e~ - Re(s) + 4H,0 398
Pt — Ni—ReO, + e~ - Pt — Ni + ReO,
W W3t +3e” > W(s) 323

Pt —Ni— WO, +8H" +5e~ - Pt — Ni + W3* + 4H,0

2 The bold number is the most negative dissolution free energy for each "MO4

Table S6. The most negative dissolution free energy for each "MO4

*

MO4 AGdiss(eV)
\% -4.51
Cr -0.87
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Mn -1.04

Fe -1.58
Nb -0.48
Mo 0.16
Tc 0.19
Ru -0.12
Os 1.42
Ta 1.59
Re 2.45
\ 3.23
0.00 -
-0.02 -
~0.04 -
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T T T T
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Figure S34. O, adsorption energy on the Pt-Ni-"MOs surface (M is the screened elements)
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6. Dissolution Free Energy of “"MoO4

In this section, we elaborate the calculation of dissolution free energy of "MoO4. As the ‘MoO4
group can left from the surface by forms of H2MoO4 and Mo**, we give detailed calculation of each
ion forms of "MoOs.

For the form of H;M0QO4
PtNi — MoO, + 2H* + 2e~ - PtNi + H,Mo0, (62)
AG = G(PEND) + iy, mo00, — G(PEND — M00,) — 2ty — 24to-
= G(PtND) + uf), moo, + kpTin(c/c®) — G(PtNi — M00,) — 2uy+ — 24t-

where the concentration of ions set as ¢ = 10 mol/L. According to the definition of electrode

(63)

potential, the free energy change of Eq. 62 is 0 when at the electrode potential of E 22 Mo0,/Mo-
Then, we can get that
H,Mo00,(aq) + 6H* + 6e~ - Mo + 4H,0 (64)

AG = piyo + 4u,o = Gy = Oller oo = Hilmo0, = O (65)
where pY, is the energy of bulk Mo.

M?IZMOO4 = ﬂl(\)/lo + 4“"120 - 6‘uH+ - 6'uegzMoO4/Mo
= Uty + a0 — ity + (OHEHE = btz o) — 6uSHE (66)
= Uiro + 4iy,0 — 6Uy+ + 63E1912Moo4/Mo — 6zt
Substituting Eq. 66 into Eq. 63, we get
AG = G(PtND) + pg mo0, + kpTln(c/c®) — G(PtNi — M00,) — 2+ — 2/t~
= G(PtNi) — G(PtNi — Mo0,)
o + 4,0 — 6+ + 6€Ef oo, /mo — 61e2" + kpTin(c/c®) — 2uy+ — 24t~
= G(PtNi) — G(PtNi — Mo0,) + ppyo + 4,0 + 6€Ef w0, /mo + kpTIn(c/c®)
8+ — 61" — 2pu,-
= G(PtNi) — G(PtNi — M0oOy) + upyo + 4tin,0 + 6eE,32M004/M0 + kgTin(c/c?)
—8(uy+ + He=) — 6H"E + 64t (67)
= G(PtNi) — G(PtNi — Mo0,) + ppyo + 4,0 + 6€Ef moo, /Mo + ksTIn(c/c®)

1

-8 (E.qu — utE + ue—> — 6(ug" — pe-)

= G(PtNi) — G(PtNi — M0Oy) + ppro + 4tin,0 + 6eE,32M004/M0 + kgTin(c/c?)

—4uy, + 8elU — 6eU
= G(PtNi) — G(PtNi — Mo0,) + o + 4,0 + 6€Ef, o0, M0 + kpTIn(c/c®)
—4uy, + 2eU
Substituting ¢ = 10" mol/L into Eq. 67, we get
AGgiss = G(PtNi) — G(PtNi — M0o0,) + upy, + 4itu,0 + 6€Ef 100, Mo

+0.059 X Ig(1 x 10™*) — 4uy, + 2eU = 0.16 eV (68)

For the form of Mo®",
PtNi — 2Mo0, + 8H* + 5¢~ — PtNi — MoO, + Mo3* + 4H,0 (69)
AG = G(PtNiQ) + py g3+ + 4piy,0 — G(PtNi — MoO,) — 8uy+ — Si,-
= (PtNQ) + ppyps+ + kpTIn(c/c®) + 4py,0 — G(PENi — M0O,) — Bpuy+ — Spie-

where the concentration of ions set as ¢ = 10™ mol/L.

(70)
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To calculate ,uf\’,, o3+> we use the standard half-electrode potential E 1?4 03* /Mo

According to the definition of electrode potential, the free energy change of Eq. 71 is 0 when at the

electrode potential of E 1?,, 03+ /Mo Then, we can get that

Mo3t + 3e~ > Mo (71)
AG = o = o3+ = Shey a0 =0 (72)
Haros+ = Hito = 3Mer o\ = Uito = Slley 5 = Higo + 33U = Bper = 3t

= :uI(\)40 + 3eE1\0/[o3+/Mg - 3HgHE

where ub, is the energy of bulk Mo.
Substituting Eq. 73 into Eq. 70, we get

AG = G(PtNi — M00,) + piyy,s+ + kgTin(c/c®) + 4uy,o — G(PtNi — 2M00,) — 8+ — Spe-
= G(PtNi — M00y) + o + 3eEp o+ e, — 3us™F + kpTin(c/c®)
+4y,o — G(PtNi — 2Mo0,) — 8py+ — S,-
= G(PtNi — Mo0,) — G(PtNi — 2M00,) + 4py,0
+ud, + 3eE18,03+/M0 + kgTin(c/c®) — 3us"E — 8(upy+ + te-) + 3Ue-
= G(PtNi — M00,) — G(PtNi — 2M00,) + 4uy,0
o + 3€Epygae o + kpTIn(c/c®) = 8(uy+ + pe=) — 3(ugH* — p1-)
= G(PtNi — Mo0,) — G(PtNi — 2M00,) + 4piy,0

1
+udo, + 36‘E13103+/MO + kgTin(c/c°) —8 (E”Hz — uSHE 4 lle—> — 3(uSHE — o)
= G(PtNi — M00,) — G(PtNi — 2M00,) + 4y, o
o + 3€Epgae o + kpTIn(c/c%) — Ay, + 8" — po-) — 3" — pe-)
= G(PtNi — M00,) — G(PtNi — 2M00,) + 4y, o
+itpgo + 36E18103+/Mo + kgTln(c/c®) + kpTin(c/c) — 4py, + 5USHE — pe-)
= G(PtNi — M00,) — G(PtNi — 2M00,) + 4ty

+ud, + 3eE1?403+/M0 + kpTin(c/c®) — 4uy, + 5eU

Substituting ¢ = 10 mol/L into Eq. 74, we get

AGgis = G(PENi — M00,) — G(PtNi — 2M00,) + 4,0 + Uiyo + 3€Ep 3+
Mo

+0.059 X Ig(1 x 107*) — 4puy, + 5eU = 1.60 eV (75)
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E/V vs. SCE
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Figure S35. Experimental Pourbaix diagram of the Mo-H,O system'’. SCE is the saturated calomel
electrode. Esug is the standard potential of the Escr at 298.15K (0.2145V).Figure adapted from ref.
10. Copyright 2012 Wiley Publishing Group.

We note that the adsorbed MoOs species are water-soluble under alkaline conditions (while it
is not under acidic conditions)®!%, Figure S35 shows the experimental Pourbaix diagram of the
Mo-H,O system. We can see that the standard electrode potential of E(MoO4>/Mo) under alkaline
conditions (pH > 10) is negative. Accordingly, the Nernst equation [AG = -nF E(MoO4*/Mo)]
suggests that the free energy change of MoO4* — Mo is positive, indicating the adsorbed MoOs4

species are water-soluble under alkaline conditions.
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7. The specific activities of ORR catalysts at different CV cycles from experimental
literature

10.0 ;\. —&— Mo-PtNi-Science.2015
i ~ —®— Mo-PtNi-Nano Lett.2018
N — 4 — Rh-PtNi-Nano Lett.2016
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Figure S36. The specific activities (SA) of ORR catalysts at different CV cycles from experimental

literature® 1314,
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