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Descriptors for ML Analysis

Supplementary Note 1:

Here we report various kind of descriptors we constructed for ML analysis, as a supervised machine learning (ML)
approach we predicted structural stabilities and HER activities of different 2D materials. The key screening steps
involved in our multistage screening strategy are summarized in Figure S2. For ML prediction of stabilities (i.e Estas
and Ugiss) we searched various types of unique descriptors (Table S11) which do not require any DFT calculation.
Figure S1 demonstrates the labeled sites we used to create Coulomb matrix elements (see equation 9 in methods).
Based on elemental properties, we constructed Coulomb matrix elements between transition metal (TM) atom and
its nearest neighbor coordinating non-metal atoms (cm,; through cm,,), TM and an adsorbed hydrogen atom
(cmpm—y) and between the adsorbed hydrogen atom and surface non-metal atoms (cmy_,x) involved at bond
edge shared active site. For ML classification analysis, our descriptor is composed of an eight-dimensional vector
(equation 1), 2 elemental features namely first ionization potential (/) of TM, the total number of valance electrons

(ven) and 6 Coulomb matrix elements based on elemental properties.

D= (ven: I: CMyq, CMy3, CMy3, CMpy, CMTM-H) CmH—nX) (1)

For ML classification, we tested the following 12 different ML models: AdaBoost, CatBoost, Bagging, LGBM-Light
Gradient Boosting Machine, GB-Gradient Boosting, ERT-Extremely Randomized Trees, RF-Random Forest, DT-
Decision Trees, SVC-Support Vector Classifier, KNN-k-Nearest Neighbors, RNC-Radius Neighbors Classifier, LR-
Logistic Regression. Mean and standard deviation values of the Area Under the Receiver Operating Characteristic
Curve (ROC AUC) are listed in Table S12. The prediction performance of different ML classification models is

compared in Figure S14.
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Supplementary Note 2:

In order to create more features/descriptors, we employed a recently developed compressed-sensing based
approach, SISSO (sure independence screening and sparsifying operator). SISSO iteratively combines the sure-
independence screening (SIS) scheme and the sparsifying operators for dimensionality reduction and sparse
solutions respectively. We employed different algebraic operators [+, —, +, %, exp, | |, sin, V] on the predefined
elemental and DFT-derived features (Figure S1 and Table S11) and created the best low-dimensional near-optimal
descriptors relating to the HER activities. The top-ranked 5 SISSO generated descriptors are presented in Table S11.
For ML prediction of HER activities, we used the following regression algorithms: LGBM-Light Gradient Boosting
Machine, HGBR-Histogram-based Gradient Boosting Regressor, ERT-Extremely Randomized Trees, GB-Gradient
Boosting, Bagging, XGBR-XGBoost regressor, RF-Random Forest and AdaBoost. The test root-mean-square error
(RMSE) and the coefficient of determination values (R?) are displayed in Figure S17 for different ML regression

models.
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Supplementary Figures

single vacancy double vacancy

Figure S1 Representation of single and double vacancy 2D templates, the labeled sites (n: through ns) in single
vacancy systems and (n; through n,) in double vacancy systems indicates the surface non-metal atoms (X=B, C, N

and P), whereas, TM and H denotes the transition metal and hydrogen atom respectively.
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Figure S2 ML framework for designing single and dual site non-metal (B, N, P) doped TM-SACs. The pink shaded
area represents the stability prescreening process based on Ugiss and Eswp. The feature importance and evaluation

is presented in the yellow highlighted section. The blue region represents the model tuning and validaion based on

defined scoring criteria.
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Figure S3. Top and side views of H-adsorbed 2DCP, boron nitride, graphitic nitride and pyridinic graphene based
different configurations of two-dimensional templates with single and double vacant sites occupied with 28 kind of
TMs (here is the case for Rh). In each configuration A TM atom is coordinated by mono- or dual-type non-metal

(B,N) doped atoms.
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Figure S4 Top and side views of pyridinic graphene structures with single and double vacancy defects sites occupied
with 28 kind of TMs. In each configuration a TM atom is coordinated by mono- or dual-type non-metal atoms (i.e.
B, N, P).
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Figure S5 Temperature and energy profiles from ab initio molecular dynamics simulations under 500 K with the
time step of 2 fs. Top and side views of (a) Pd@2DCP (b) Fe@h-BN and (c) Fe@h-B;N, structures are presented.
Color code: Pd, light-grey; Fe, golden-brown; B, light pink; N, blue; C, grey; O, red; H, cyan).
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Figure S8. (a) HER free-energy diagram for ideal electrocatalyst and Pt (111) surface at equilibrium potential (U= 0)
and (b) the distribution of the hydrogen adsorption Gibbs free energy (AGu+) on the catalyst candidates in a set of
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Figure S9. Free-energy diagram for HER on a single TM atom embedded at a double vacancy site in graphene

support with carbon (Cs4), nitrogen (N4) and boron (Bs) coordination’s, represented with black, blue and red lines,
respectively, at the zero-electrode potential.
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Figure S12. Free-energy diagram for HER on a single TM atom embedded at a single vacancy site in C3, N3, Bs and h-
BN templates, represented with black, blue and red and green lines, respectively, at the zero-electrode potential.
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calculated features i.e (E , @, €, ), set? contains all the features from set?, set? and set? feature sets. Top five
SISSO generated descriptors are labeled as set®. The best score (labeled with asterisk) is achieved by using all the

features from set?and two SISSO generated descriptors (S, & Ss).
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Figure S14. Comparison of predictive accuracy of various ML classification models for the prediction of (a)
thermodynamic (Eswps) stability energy and (b) electrochemical dissolution potential (Ugiss) values of various
transition metal embedded systems. The mean and standard deviation values of the Area Under the Receiver

Operating Characteristic Curve (ROC AUC) are presented for each ML classification model (for detail see Table S12).
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Figure S15. Stability classification of mono- and dual-type non-metal doped novel 2D surfaces. The classification is
based on TM embedding over metal bulk cohesive energies (Es:wp) and electrochemical dissolution potential (Ugiss)
values. Four different classes (G1/G?/G3/G*) of stabilities are represented with blue/yellow/orange/brown color
[G' : unaggregatable and indissoluble, G? : aggregatable and indissoluble, G3 : unaggregatable and dissoluble, G*

: aggregatable and dissoluble].
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Figure S16. Top and side views of pyridinic graphene structures with single and double vacancy defects sites
occupied with 28 kind of TM atomes. In each configuration a TM atom is coordinating with mono- or dual-type non-

metal atoms (i.e. B, N, P). Here the case for TM atom is Cu (wine-red).
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Figure S17. Comparison of several typical ML regression models for predicting HER activities. [LGBM-Light Gradient
Boosting Machine, HGBR-Histogram-based Gradient Boosting Regressor, ERT-Extremely Randomized Trees, GB-

Gradient Boosting, Bagging, XGBR-XGBoost regressor, RF-Random Forest and AdaBoost].
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Figure S18. ML predicted HER activities. Since the ERT-classifier suggested a total 41 stable candidates (see Figure
S15), so we assessed the HER activities for these systems by using trained ML (CatBoost) regression model. The

predicted activities for promising catalysts were further verified by DFT calculations (see Table S14).
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Figure $S19. Feature importance based on SHAP-values. (a) The mean absolute SHAP-values are depicted, to
illustrate global feature importance (ranked from most to least important). Positive and negative correlation
coefficients for each feature/descriptor are represented by blue and red color respectively. (b) The local explanation
summary shows the distribution of the impacts of each feature/descriptor on the HER activities. The color bar

denotes the feature values, where the red points refer to higher values, while blue points represent lower values.
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Figure S20 Isosurfaces of differential charge density distribution for chemisorbed H atom of different 2D systems.
The charge depletion and accumulation are depicted as cyan and yellow color, respectively. The isosurface value is
0.003 e/A3, and Bader charges are presented for the neighboring atoms of active site. The charge at TM atom is

shown in red font.
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Supplementary Tables

Table S1. TM embedding energy (E.mp) for 2D systems having a TM atom embedded at single and double vacancy defects sites
with mono- or dual-type non-metal doped configurations.

™ Cs N4 B4 N2C2 B:C2 B:N:2 | 2DCP  g-C3Ns  n-BaN2 Cs N3 B3 n-BN

Sc -6.53 -8.54 542 | -879 -4.63 -460 [ -7.12 -6.43 -8.88 [ -6.71 -6.23 -3.66 -11.77
Ti -836  -8.63 -566 ( -9.71 -488 -5.63 | -8.53 -6.09 -9.26 | -834 -6.51 -3.70 -11.93
\% =779 -798 511 | -8.67  -470 531  -7.44 -4.94 -8.76 | -7.60  -6.03 -2.94 -10.73

Cr -6.15 -698 -3.69 [ -7.19 -3.19 -3.59 [ -6.02 -3.20 -7.16 | -6.39  -386 -1.98 -9.27

Mn -6.18  -6.74 377 | -7.27 -3.64 -427 | -5.33 -3.16 -7.36 | -6.32  -3.99 222 -8.30

Fe -6.79  -731 484 | -7.68 -485 -5.10 [ -6.50 -3.17 =792 | 729 452 315 -8.59

Co =717 -7.83 555 -8.17  -537 -5.50 | -6.65 -3.14 =798 | -7.84 -5.01 -3.90 -9.00

Ni -7.15  -7.83 581 | -852 -5.66 -561 [ -587 -3.31 =785 | -691 -459 -418 -8.10

Cu -593  -540 427 | -6.51 -386 -3.20 ( -3.79 -2.29 -6.75 | -3.85 -324 -2.55 -6.20

Zn -349  -3.63 -1.59 [ -391 -0.67 -1.01 | -2.52 -0.16 -5.56 | -1.36  -1.68 -0.76  -4.65

Y -6.42  -846 -5.77 | -8.60 -489 424 ( -7.02 -7.10 -8.83 | -6.51  -6.22  -4.04 -11.57
Zr -9.19  -9.19 -6.58 [ -10.61 -596 -6.49 | -9.11 -7.60 -9.98 | -8.85 -6.59 442 -1232
Nb -946 -823 -643 [ -990 -6.18 -6.79 | -8.37 -6.49 985 | -8.54 -6.02 415 -11.13
Mo -8.02  -649 541 ( -821 -536 -5.65 | -6.77 -3.79 -8.36 | -7.59  -454  -2.69 -9.66
Te -8.93 -729 -6.66 | -8.81 -6.53 -643 ( -7.77 -3.80 -9.27 | -8.61 -533 -4.09 -9.64
Ru 875 -722  -697 | -8.73 -6.61 -6.39 | -8.05 -3.61 -9.02 | -9.03 -5.07 -4.80 -9.26
Rh -7.88  -7.51  -7.02 | -830 -6.52 -6.54 [ -6.97 -3.59 -8.41 -8.46 425 -526 -891
Pd -550  -596 490 [ -6.56 -449 468 [ -4.39 -2.01 -6.34 | -545 -247 -3.67 -5.80
Ag -346 -233 253 ( 420 -2.01 -1.79 | -2.10 -1.64 -4.67 | -195 -190 -1.82 -3.76

Cd -1.50  -1.69 -0.60 [ -2.14 -0.50 -0.63 [ -1.06 -0.12 -3.82 | -0.24  -0.83 -0.71 -2.77

Hf -9.19  -939 -6.22 | -10.59 -5.82 -6.35 ( -8.99 -7.45 -9.92 | -8.89 -6.63 -4.10 -12.70
Ta -1022  -9.16 -6.75 | -10.76 -6.73 -7.42 | -8.85 -6.85 -10.64 [ -9.25 -640 -434 -11.79
w 99 -8.17 -6.89 | -10.01 -7.05 -7.41 -8.38 -522  -10.10 | -9.17 -5.82 -443 -11.04
Re -9.02 -690 -648 | -8.72 -6.51 -627 | -7.44 -2.98 -9.17 | 832  -443 417 -9.02
Os 986 -794 -7.84 [ -9.56 -7.65 -7.23 | -84l -3.73 987 | -9.64 -499 -580 -9.52
Ir -9.31  -8.52  -830 | -9.51 =792 -7.57 | -7.78 -3.83 -9.69 | -940 -418 -6.52 -9.44
Pt -8.02 -786 -7.14 [ -8.68 -6.81 -6.56 [ -6.12 -2.52 -8.59 [ -736  -299 579 -7.13

Au -520 -330 -381 ( -5.56 -329 237 -2.76 -0.98 -6.06 | -2.62 -1.30 -2.53 -3.89
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Table S2. stability (Estas) of TM embedding over metal cohesion for the 2D systems having TM atom embedded at single and double vacancy
defects sites with mono- or dual-type non-metal doped configurations. The Esws represents the difference between adsorption energy and
cohesive energy (eV) of various TM single atom catalysts (Eems - Econ). Here the negative values mean that embedding is stable against metal
clustering or being leached.

™ Cy N4 B4 N2C2  B:C: B:N2 | 2DCP  gC3Ng  £-B:N2 Cs N3 B3 n-BN

Se -1.54  -3.54 -043 | -3.80 036  0.40 -2.13 -1.43 -388 | -1.72 -1.24 133 -6.77

Ti -1.93 220 0.77 -3.28 1.56  0.80 -2.10 0.34 282 | -191  -0.08 2.73 -5.50

A\ -1.26 -146 141 -2.15 1.83 1.22 -0.92 1.59 -2.23 | -1.07  0.50 3.58 -4.20

Cr | -0.78 -1.62 1.68 -1.82 2.18 1.78 -0.65 2.17 -1.79 | -1.02 1.51 3.39 -3.90

Mn | -243 -299 -0.03 | -3.53 0.11  -0.53 | -1.59 0.58 -3.62 | -257  -024 1.53 -4.56

Fe -1.15 -1.67  0.80 -2.04 0.79  0.54 -0.86 2.47 -2.28 | -1.65 1.12 2.49 -2.95

Co | -1.25 -191 037 -2.25 0.54 042 -0.73 2.78 -2.06 | -1.92 091 2.02 -3.08

Ni -143 211 -0.08 | -2.79 0.06 0.12 -0.14 241 -2.13 | -1.19 1.14 1.54 -2.37

Cu | -1.84 -130 -0.18 | -2.42 024  0.89 0.30 1.80 -2.66 0.24 0.85 1.54 -2.11

Zn | -198 -2.13 -0.08 | -2.40 0.83  0.49 -1.02 1.35 -4.05 0.15 -0.17 0.74 -3.15

Y -1.54  -358 -0.89 | -3.72 -0.01 0.64 -2.14 -2.23 -395 | -1.63  -134 0.84 -6.69
Zr -1.87  -1.87  0.74 -3.29 136  0.83 -1.78 -0.28 -2.66 | -1.53  0.73 291 -5.00
Nb | -1.15 0.08 1.88 -1.59 2.13 1.52 -0.06 1.82 -1.54 | -023 229 4.16 -2.82
Mo | -039 1.14 222 -0.58 2.28 1.98 0.86 3.85 -0.73 0.05 3.09 4.95 -2.03
Te 0.13 1.77 241 0.25 254  2.64 1.30 5.27 -0.20 0.46 3.74 4.98 -0.57
Ru | -1.06 047 0.72 -1.05 1.08 1.30 -0.36 4.08 -1.33 | -1.34  2.62 2.89 -1.57
Rh | -142 -1.05 -0.56 | -1.84 -0.07 -0.08 | -0.51 2.87 -1.95 | -2.00 2.20 1.20 -2.45
Pd | -153 -199 -093 | -259 -0.53 -0.71 | -0.42 1.95 -2.38 | -1.49 1.50 0.30 -1.83
Ag | -049 065 045 -1.22 0.97 1.18 0.88 1.34 -1.69 1.02 1.08 1.16 -0.79

Cd | -038 -0.58 0.52 -1.02 0.62 048 0.06 1.00 -2.70 0.88 0.29 0.40 -1.66

Hf | -1.78 -198 1.19 -3.18 1.59 1.06 -1.58 -0.04 -2.51 -1.48  0.78 3.31 -5.29
Ta -1.09  -0.03  2.38 -1.63 2.39 1.70 0.28 2.28 -1.51 -0.12 272 4.79 -2.66
w -0.16  1.63 291 -0.21 2.75 2.39 1.41 4.57 -0.30 0.63 3.98 5.37 -1.24
Re -035 1.76 2.19 -0.06 2.15 2.39 1.22 5.68 -0.50 0.34 4.23 4.49 -0.35
Os -0.58  1.34 1.43 -0.28 1.63 2.05 0.87 5.55 -0.59 | -036  4.29 3.47 -0.25
Ir -1.54  -0.75 -0.54 | -1.74 -0.16 0.20 -0.02 3.94 -1.92 | -1.63  3.58 1.25 -1.67
Pt -2.07 -191 -1.19 | 273 -0.86 -0.61 -0.17 3.44 -2.64 | -1.41 2.96 0.17 -1.18

Au | -1.79 0.12 -039 | -2.15 0.13 1.04 0.65 243 -2.65 0.80 2.11 0.88 -0.48
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Table S3. Dissolution potential (Uuiss) for 2D systems having TM atom embedded at single and double vacancy defects sites
with mono- or dual-type non-metal doped configurations. Where the Uy, and n, represents the standard dissolution
potential of bulk TMs and number of transferred electrons during the dissolution process respectively.

Udiss
/n,

™ Csy N4 B4 N2C:  B2C2  B:N2 | 2DCP  g-C3Ns  #-BaN2 Cs N3 B3 n-BN

Se¢ [ 2083 | -1.57 -090 -194 | -0.81 -220 -1.70 | -1.37 -1.60 -0.79 | -1.51 -1.67 -134  0.18

Ti | -1632 | -0.67 -0.53 -2.02 0.01 -2.41  -1.06 | -0.58 -1.80 -022 | -0.68 -159 -190 1.12

V | -t182 | -055 -045 -189 | -0.11 -2.09 -1.16 | -0.72 -1.97 -0.07 | -0.64 -143 -224 092

Cr | 0912 | -0.52 -0.10 -1.75 0.00 -2.00 -1.41 | -0.59 -1.99 -0.01 -0.40 -1.66 -1.80  1.04

Mn | -1.192 | 0.03 031 -1.18 0.57 -1.24  0.29 -0.39 -1.48 0.62 0.10 -1.07 -046 1.09

Fe | -0452 | 0.12 039 -0.85 0.57 -0.85  -0.14 | -0.02 -1.69 0.69 038 -1.01 -086 1.03

Co | 0282 | 034 0.68 -0.46 0.85 -0.55  0.14 0.09 -1.67 0.75 068 -0.74 -0.33 1.26

Ni | 0262 | 0.45 0.79 -0.22 1.14 -0.29  0.39 -0.19 -1.47 0.80 033 -083 0.02 0.93

Cu | 0342 | 126 099 043 1.55 022  0.81 0.19 -0.56 1.67 022 -0.09 022 1.39

Zn | 07612 | 0.23 030 -0.72 0.44 -1.18  -0.01 | -0.25 -1.43 1.27 -0.83  -0.67 -0.07 0.81

Y | 2313 |-18 -1.18 -2.07 | -1.13 -2.37 -2.07 | -1.66 -1.63 -1.05 | -1.83  -192 -146 -0.14
Zr | -1454 | -098 -098 -1.63 [ -0.63 -1.79 -1.19 [ -1.00 -1.38 -0.79 | -1.07 -1.63 -1.71 -0.20
Nb | -t103 | -0.72 -1.13 -1.73 | -0.57 -1.81 -1.22 | -1.08 -1.71 -0.59 | -1.02 -186 -2.51 -0.16
Mo | 0203 | -0.07 -0.58 -0.94 [ -0.01 -096 -0.73 [ -0.49 -1.48 0.04 -0.22  -123 223 048
Tc | 0402 | 033 -049 -0.80 0.27 -0.87  -0.99 | -0.25 -2.23 0.50 0.17 -147 -298  0.69
Ru | o462 | 099 022 0.10 0.98 -0.08  0.34 0.64 -1.58 1.13 .13 -0.85 -1.22 1.25
Rh | 0602 | 1.31 1.13 0.88 1.52 0.63 1.35 0.86 -0.83 1.57 1.60  -0.50 0.53 1.83
Pd | 0952 | 1.72 1.95 1.41 2.24 1.21 2.07 1.16 -0.03 2.14 1.69 0.20 1.80 1.86
Ag | 0.80/1 1.29  0.15 0.35 2.02 -0.17  0.10 -0.08 -0.54 2.49 -0.22  -0.28 -1.01 1.59

Cd | 0402 | -0.21 -0.11 -0.66 0.11 -0.71  -045 | -0.43 -0.90 0.95 -0.84 -0.55 -032 043

Hf | -1554 | -1.10 -1.05 -1.85 | -0.75 -1.95 -1.37 [ -1.16 -1.54 -0.92 -1.18  -1.74  -1.88 -0.23
Ta | 0603 | -0.24 -0.59 -1.39 | -0.06 -1.40 -0.80 | -0.69 -1.36 -0.10 | -0.56 -1.51  -2.19  0.29
W | 0103 | 0.15 -044 -0.87 0.17 -0.82  -0.64 | -0.37 -1.42 0.20 -0.11  -1.23  -223 051
Re | 0303 | 042 -029 -043 0.32 -0.42  -0.38 | -0.11 -1.59 0.47 0.19 -1.11 -1.78 042
Os | 0848 | 091 0.67 0.66 0.88 0.64 0.66 0.73 0.15 0.91 0.89 0.30 0.24 0.87
Ir 1.16/3 1.67 1.41 1.34 1.74 1.21 1.61 1.17 -0.15 1.80 1.70 ~ -0.03  0.99 1.72
Pt Lig2 | 222 2.14 1.77 2.55 1.61 2.52 1.26 -0.54 2.50 1.88  -030  2.05 1.77

Au | 1503 | 2.10 1.46 1.63 222 1.46 1.75 1.28 0.69 2.38 1.23 0.80 1.17 1.66
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Table S4. Stability classification based on TM embedding over metal bulk cohesive energies (Estwb) and
electrochemical dissolution potential (Uadiss) values for 364 mono- and dual type non-metal doped 2D substrates
into four different categories [G': unaggregatable and indissoluble (Esq, < 0 and Uy;ss > 0), G2: aggregatable and
indissoluble ( Egqp > 0 and Uy > 0), G2 : unaggregatable and dissoluble ( Egqp <0 and Ugss < 0), G*:
aggregatable and dissoluble (Esqp > 0 and Ugiss < 0)].

2D-Substrate Gt G? G3 G*
C, 16 1 11 -
Ny 10 4 9 5
B 6 3 5 14

N,C, 19 1 8 R
B.C: 3 - 20
B:N; 8 - 16
2DCP 3 12 7
g-C3Ny - 2 4 22
h-B:N, 19 - 9 -
h-BN 24 - 4 -
C; 10 4 9 5
N; - 3 5 20
B: - 8 - 20
Total 118 40 77 129
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Table S5. Magnetization values (Bohr) for pristine and H-adsorbed 2D systems having TM atom embedded at single
and double vacancy defects sites with mono- or dual-type non-metal coordinated configurations.

™ Cs N4 B4 N2C2 B:C2 B:N2 | 2DCP  ¢-C3Ns  n-BaN2 Cs N3 B3 n-BN

Sc 0.9/0 0/0 0/0 0/0 0/0 0/0 0.97/0 0.8/1.7 1.0/0 0.2/0 0.2/0 0/0 0/1.0
Ti 0/0 1.6/0.6  2.0/1.0 0/0 0/1.1 1.7/1.0 0/0.99 1.7/0.9 0/1.0 0/0.2 1.9/1.6 1.0/0 1.0/0
A% 0.8/0 3.02.0 1.9/2.0 1.1/0.7 2.3/1.2 0.7/0 1.0/3.99 1.2/2.0 3.0/2.0 1.0/0 24/14 2027 2.0/1.0

Cr 1.8/1.1 4.0/3.0 3.8/3.0 | 23/22 3.5/0 3.8/1.0 | 2.0/1.0 5.9/3.0 4.0/3.0 | 2.0/1.4 44/04 50/40 3.0/2.0

Mn | 2.8/1.9 3.020 3.0/4.0 | 3.4/35 3.035 2824 3.0/2.0 3.2/4.0 5.0/4.0 2.7/2.0 5.1/0 5.0/5.0 4.0/1.0

Fe 25/23 20/1.0 1.81.0 | 2518 20/1.4 20726 0/1.0 2.2/3.0 4.0/1.0 0/0.6 3.4/1.6 2.4/0 5.0/0

Co 1.2/1.3 1.0/0 1.1/0 1.2/0 1.0/0 0.8/1.4 1.0/0 1.12.0 3.0/2.0 0.6/0 24/3.0 1.6/1.1 0/1.0

Ni 0/0.3 0/0.6 0/0 0/0 0/0.6 0/0 2.0/1.0 0/1.0 2.0/1.0 0/0.8 1.5/2.0 0/0.3 1.0/2.0
Cu 0/0 1.0/0.7 0/0 0/0 0/0 1.0/0 1.0/2.0 1.0/0 1.0/0 1.0/1.6  0.1/1.0 0.3/0 2.0/3.0
Zn 0/0 0/0 0/0 0/1.0 0.60/ 0/0 0/0 0/1.0 0/1.0 1.5/2.6 0.6/0 0/0 1.0/2.0
Y 0/2.0 0/0 0.2/0 0/0 0/0 0/1.9 0.94/0 0/1.7 1.0/0 0.2/0 0.6/0 0/0 0/1.0
Zr 0/0 0.7/0 0/1.0 0/0 0/1.0 0/1.0 0/0.86 1.6/0 2.0/1.0 0/0.1 1.8/0.5 1.00/ 1.0/0

Nb 0.6/0 2.5/0 1.0/0 0.6/0 0.3/0 0.3/0 1.0/0 1.0/0 1.0/2.0 1.0/0 2.3/1.4 0/1.0 2.0/1.0

Mo | 04/0.8 3.6/1.0  0/1.0 2.0/1.0 0/0 0/0 0/1.0 2.1/0.9 2.0/1.0 | 2.0/1.4 1.4/0 1.0/0 3.0/2.0
Tc 1.0/0.7  3.0/2.0 0/0 1.8/1.7  0.6/0.9 1.3/0.5 1.0/0 1.0/0 1.0/2.0 1.0/1.6 0.4/0 0/3.0 2.0/1.0
Ru 0/0 2.0/1.0 1.1/1.0 0/0 0.5/0.9 0/0.5 0/0.80 0/1.0 0/1.0 0/0 0/0 1.0/0 1.0/0
Rh 0.8/0 0.7/0 0/0 0/0 0/0 0.2/0 1.0/0 0.9/1.9 1.0/0 0.90/ 1.6/2.6  0.6/0.9 0/1.0
Pd 0.2/0 0/0.5 0/0 0/0 0/0 0/0 0/1.0 0/1.0 2.0/1.0 0/0.9 1.0/0 0/0 1.0/0
Ag 0/0 0.6/0 0/0 0/0 0/0 0/0 0.97/0 0/0 1.0/0 1.0/0 0/0.6 0/0 2.0/3.0
Cd 0/1.0 0/0 0/0 0/1.0 0/0 0/0 0/0 0/0.1 0/1.0 2.0/2.5 1.0/0 0/0 1.0/2.0

Hf 0/0 0.7/0 0/0.9 0/0 0/1.0 0.1/1.0 0/0.89 1.5/0 2.0/1.0 0/0 1.8/0.3 0.9/0 1.0/0
Ta 0.6/0 1.0/0 1.0/0 1.0/0 0.3/0 0.3/0 1.0/0 1.0/0 1.0/2.0 0.6/0 1.8/1.0 1.6/0 2.0/1.0

w 0/0.3 2.0/1.0 0/1.0 2.0/1.0 0.3/0 0/0 2.0/1.0 1.8/0.9 2.0/1.0 2.0/1.0 1.0/0 0.6/2.0  3.0/2.0

Re 1.0/1.3  3.0/2.0 0/0 2.6/2.0 0/0 1.0/0 1.0/0 1.0/0 1.0/2.0 1.0/2.0 0.4/0 0/1.0 2.0/1.0
Os 0/0 0/1.0 1.1/1.0 0/1.0 0.8/0.9 0/0.6 0/0.82 0/1.0 0/1.0 0/0.5 0/0 1.0/0 1.0/0
Ir 0.4/0 0.9/0 0/0 0/0 0/0 0.3/0 1.0/0 0.7/0 1.0/0 1.0/0 1.6/0.6  0.6/1.0 0/1.0
Pt 0/0.2 0/0 0/0 0/0 0/0 0/0 0/1.0 1.9/0.9 2.0/1.0 0/0.8 1.4/2.0 0/0 1.0/0
Au 0/0 0/0.6 0/0.1 0/0 0/0 0/0 1.01/0 0.9/0 1.0/0 1.0/0 0/0.6 0.3/0 2.0/1.0
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Table S6. Bond distance (A) between adsorbed hydrogen to TM atom embedded at single and double vacancy
defects sites with mono- or dual-type non-metal doped configurations.

™ Cs N4 B4 N2C2 B:C2 B:N2 | 2DCP  ¢-C3Ns  n-BaN2 Cs N3 B3 n-BN

Sc 1.87 1.86 1.84 1.89 1.83 1.85 1.89 1.80 1.87 1.91 1.88 1.84 1.97

Ti 1.76 1.74 1.74 1.75 1.75 1.73 1.79 1.69 1.75 1.79 1.78 1.75 1.76

\% 1.66 1.67 1.69 1.68 1.66 1.66 1.74 1.65 1.69 1.71 1.71 1.70 1.69

Cr 1.61 1.60 1.80 1.62 1.59 1.60 1.66 1.62 1.66 1.66 1.64 1.67 1.63

Mn | 1.57 1.53 1.62 1.57 1.97 1.57 1.63 1.67 1.75 1.62 1.59 1.64 1.57

Fe 1.52 1.49 1.66 1.48 1.50 1.58 1.58 1.61 1.62 1.57 1.56 1.56 1.52

Co 1.71 1.44 1.51 1.43 1.53 1.76 1.50 1.55 1.59 1.56 1.57 1.54 1.52

Ni 1.76 1.48 1.60 1.70 1.73 1.73 1.46 1.52 1.55 1.55 1.53 1.52 1.50

Cu 1.90 1.54 1.53 1.54 1.91 1.90 1.71 1.50 1.56 1.52 1.50 1.52 1.56

Zn 1.62 1.56 1.54 1.59 1.53 1.55 1.56 1.52 1.87 1.55 1.53 1.53 1.54

Y 204 204 201 2.06 2.00 2.02 2.00 1.97 2.04 2.05 2.06 1.98 2.13
Zr 1.91 1.89 1.88 1.91 1.89 1.88 1.92 1.83 1.91 1.97 1.94 1.89 1.93
Nb 1.80 1.80 1.80 1.82 1.80 1.79 1.86 1.74 1.82 1.86 1.85 1.82 1.84
Mo | 1.74 1.72 1.73 1.75 1.72 1.74 1.79 1.66 1.74 1.80 1.77 1.74 1.76
Tc 1.71 1.62 1.71 1.69 1.67 1.67 1.72 1.60 1.71 1.80 1.71 1.72 1.69
Ru 1.65 1.58 1.67 1.62 1.65 1.61 1.70 1.56 1.64 1.69 1.66 1.68 1.63
Rh 1.59 1.53 1.62 1.60 1.60 1.57 1.66 1.52 1.68 1.68 1.65 1.65 1.65
Pd 1.96 1.65 1.60 1.93 1.85 1.89 1.64 1.52 1.66 1.67 1.56 1.65 1.59
Ag 1.99 1.62 1.64 1.67 1.64 1.61 1.62 1.62 1.70 1.65 1.62 1.66 1.66

Cd 1.70 1.69 1.69 1.69 1.68 1.71 1.69 1.69 1.68 1.68 1.67 1.69 1.88

Hf 1.89 1.87 1.86 1.88 1.88 1.86 1.90 1.80 1.89 1.86 1.91 1.88 1.91
Ta 1.80 1.79 1.80 1.81 1.80 1.78 1.71 1.73 1.81 1.80 1.84 1.82 1.84
w 1.75 1.72 1.75 1.76 1.73 1.74 1.79 1.67 1.75 1.80 1.77 1.79 1.77
Re 1.71 1.64 1.72 1.70 1.69 1.69 1.74 1.62 1.71 1.75 1.72 1.75 1.71
Os 1.68 1.61 1.70 1.65 1.67 1.64 1.70 1.58 1.66 1.71 1.69 1.71 1.66
Ir 1.63 1.56 1.65 1.62 1.63 1.61 1.64 1.59 1.66 1.68 1.63 1.68 1.66
Pt 1.80 1.59 1.62 1.83 1.61 1.88 1.65 1.54 1.63 1.69 1.59 1.66 1.61

Au 1.99 1.88 1.63 1.66 1.97 1.58 1.59 1.57 1.66 1.64 1.57 1.64 1.60
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Table S7. Angle at vertex at a TM atom (M) enclosed by two lines pointing to the adsorbed-H (H) and to the first
nearest neighbor non-metal atom (Y: C, N, B) coordinating the TM atom on the 2D surface (£H-M-Y).

™ Cs N4 B4 N2C2 B:C2 B:N2 | 2DCP  ¢-C3Ns  n-BaN2 Cs N3 B3 n-BN

Sc 123.0 1149 131.8 | 1169 128.6 1155 | 118.8 91.2 117.4 975 130.0 1459 975

Ti 1141 1094 107.1 | 109.8 1213 1044 | 131.7 87.7 113.0 | 129.0 125.0 1452 1194

\% 110.0 104.7 1249 | 106.5 1103 1054 | 104.5 89.8 104.5 | 125.2 1236 1326 1172

Cr | 1088 982 372 103.1 108.8 101.5 | 113.1 90.3 78.5 124.6 1189 139.7 1179

Mn | 915 941 1227 | 101.3 319 1013 | 1119 94.6 332 123.1 1179 1449 116.2

Fe 792 934 411 88.4 1003 106.6 | 109.8 102.3 38.2 120.7 1024 1327 1154

Co 340 928  60.0 89.9 433 374 92.8 98.2 37.0 120.6 1244 1322 100.8

Ni 326 960 415 344 385 374 913 107.5 37.6 88.6 1048 131.1 992

Cu 31.8 1055 1179 | 929 313 351 115.5 113.3 352 101.0 1073 1354 1209

Zn | 1025 1143 125.6 | 1049 1240 913 133.3 111.2 31.9 131.6  130.1 1429 1299

Y 100.0 120.1 1347 | 121.7 1327 113.1 | 1322 92.7 116.6 92.6 1344 1150 944
Zr 1188 115.0 105.7 | 1156 110.0 110.3 | 130.1 91.8 115.6 | 132.7 1287 137.6 123.7
Nb | 1141 109.1 102.7 | 1104 119.0 107.2 | 122.7 90.2 111.6 | 1288 126.6 131.6 121.2
Mo | 113.3 1051 843 90.5 113.5  86.0 121.1 88.7 1102 | 1275 1228 756 1223
Tc 1123 965 1220 | 1059 113.0 77.1 135.9 86.3 90.1 1225 122.8 1384 121.0
Ru 845 939 852 80.1 76.2 738 1153 88.3 79.6 1241 964  136.1 1204
Rh 78.6 925 79.6 61.4 699 743 107.5 89.4 40.7 124.1  130.7 1349 1044
Pd 28.5 952 711 30.5 30.8  36.8 92.8 77.8 394 101.3 997 1326  90.7
Ag 293 1257 984 99.1 96.7 104.6 | 179.9 118.9 355 109.1 1174 1374 1302

Cd | 1248 1243 131.7 | 90.7 131.8 1203 | 141.0 100.6 107.0 | 1393 1379 150.8 824

Hf | 117.6 1138 1088 | 1145 108.0 1069 | 131.3 913 1134 | 127.6 1273 136.1 122.8
Ta 113.7 109.5 103.7 | 111.1 1113 1052 | 1155 90.4 112.1 | 1258 1242 130.8 1203
w 1124 106.0 92.7 1103 1132  90.7 136.4 88.8 106.5 | 126.1 122.0 1353 122.0
Re 1126 989 1221 | 105.6 1121 77.6 134.5 88.2 98.5 1253 1233 137.0 1215
Os 92.1 97.8 1224 80.0 81.2 74.8 116.7 88.3 81.9 1244 1035 1340 121.0
Ir 81.3 93.7 88.7 74.4 73.6 74.5 104.9 94.5 47.3 1246  98.5 1333 106.2
Pt 339 95.1 81.8 334 70.5 37.7 103.0 71.5 45.2 106.3 1054 1323 914

Au 28.0 965 83.1 98.4 347  76.6 157.4 121.8 394 105.1 1245 1358 937
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Table S8. Hydrogen adsorption energies (eV) for 2D substrates each with TM atom embedded at single and double
vacancy defects sites with mono- or dual-type non-metal doped configurations.

™ Cs N4 B4 N2C2 B:C2 B:N2 | 2DCP  ¢-C3Ns  n-BaN2 Cs N3 B3 n-BN

Sc 0.71  -0.52  -0.04 0.55 -0.45 -0.02 0.00 -0.49 -0.66 070 -093 -0.83 1.68

Ti 030 -077 -028 | -034 -044 -0.21 0.32 -0.23 -0.85 038 -092 -0.66 -1.01

\% -0.30  -0.39 -0.02 | -032 -0.03 -0.14 | -0.50 -0.02 -0.54 | -0.21 -0.73 -0.68 -0.73

Cr 0.01 0.04 -0.59 | -0.06 0.07  0.06 -0.35 0.24 -0.31 0.00 -0.69 0.11 -0.35

Mn | 0.15 0.15 0.16 0.16 -0.79  0.27 -0.65 0.18 -0.79 | -040 -0.04 -0.15 -0.04

Fe 0.01 0.04 -0.61 0.08 029 0.24 -0.37 0.23 -0.34 | -0.26 -0.19 0.63  -0.32

Co | -0.61 -0.08 -037 | -0.18 -041 -0.60 | -0.58 0.18 -0.76 | -0.28 -0.25  0.14 0.40

Ni -1.01 137 -047 | -044 -022 -0.85 | -0.44 0.51 -1.02 021 -027  0.06 0.56

Cu | -0.68 148 0.66 1.05 -0.83  -1.54 0.24 0.23 -0.74 0.09 -0.02 -0.12 1.17

Zn 1.47  0.61 -0.34 1.17 -0.58  0.39 0.17 -0.64 0.64 -0.18  -1.14  -0.09  0.95

Y 0.76  -036 0.08 0.67 -0.48  -0.45 0.07 -0.43 -0.57 063 -066 -0.60 1.67
Zr 033 -1.14 -039 | -030 -030 -0.12 0.10 -0.68 -0.87 052 -1.03 -0.72 -1.18
Nb | -049 -1.13 -034 | -092 -0.18 -0.34 | -0.87 -0.53 -0.54 | -0.27 -1.08 -044 -1.12
Mo | -042 -0.68 -0.07 | -0.76 -0.23 -0.17 | -0.95 -0.68 -0.82 | -0.03 -1.03 -1.06 -0.89
Tc -0.16 -0.70  0.01 -0.46 0.04 -0.30 | -0.61 -0.67 -0.41 -0.36 -0.81 022 -0.85
Ru | -0.08 -0.80 0.01 -026  -0.05 -0.33 | -0.39 -0.59 -0.57 | -0.12  -0.52  0.64 -0.79
Rh | -028 -050 -0.19 [ -0.39 -0.17 0.18 -0.43 0.30 -1.34 | -0.27  0.01 0.57 0.39
Pd | -1.00 161 -023 ]| -061 -027 -0.34 | -0.21 0.20 -1.21 0.19 -045 041 -0.17
Ag | -1.00 058  0.58 1.30 049 -0.03 | -1.10 0.42 -0.88 | -0.15  0.31 0.41 1.10

Cd 1.14  -022 -0.51 0.61 -0.12 044 -0.83 -0.33 1.15 -0.37  -0.83  0.22 0.02

Hf 0.06 -137 -0.78 | -0.66 -047 -0.49 [ -0.13 -0.90 -1.22 033 -123 -1.04 -1.29
Ta -091 -1.32  -0.80 | -1.31 -0.61 -0.68 | -1.34 -0.79 -0.77 | -0.76  -1.39 -1.04 -1.36
w -091  -1.17  -0.50 | -1.21 -0.68  -0.55 | -1.25 -0.91 -1.26 | -0.61 -145 024 -1.30
Re -0.70 -1.04 -038 | -092 -036 -0.66 | -1.19 -1.01 -0.89 | -092 -136 025 -1.33
Os -0.44 -094 -033 | -078 -031 -0.58 | -1.09 -0.92 -1.15 -0.74  -1.01 0.31 -1.33
Ir -0.63 -0.61 -046 | -0.62 -036 -024 | -146 0.00 -1.48 -093 -147 016 -0.21
Pt -055 127 -046 | -0.32 0.15 -0.26 | -0.65 -0.66 -1.35 -0.29 -140 -0.14 -0.88

Au | -0.73 192  0.220 1.24 -0.77  -0.96 | -1.31 -1.18 -094 | -0.85 -1.02 -043 -0.42
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Table S9. Hydrogen adsorption Gibbs free energies (eV) on a TM atom embedded at single and double vacancy
defects sites with mono- or dual-type non-metal doped configurations.

™ Cs N4 B4 N2C2 B:C2 B:N2 | 2DCP  ¢-C3Ns  n-BaN2 Cs N3 B3 n-BN

Sc 095 -028 0.20 0.79 -0.21 022 0.24 -0.25 -0.42 094  -0.69 -0.59 1.92

Ti 054 -053 -0.04 | -0.10 -0.20 0.03 0.56 0.01 -0.61 062 -068 -042 -0.77

\% -0.06 -0.15 0.22 -0.08 0.21 0.10 -0.26 0.22 -0.30 003 -049 -044 -049

Cr 0.25 028 -0.35 0.18 0.31 0.30 -0.11 0.48 -0.07 024 -045 035 -0.11

Mn | 039 039 040 0.40 -0.55  0.51 -0.41 0.42 -0.55 | -0.16  0.20 0.09 0.20

Fe 0.25 028  -0.37 0.32 053 048 -0.13 0.47 -0.10 | -0.02  0.05 0.87  -0.08

Co | -037 0.16 -0.13 0.06 -0.17  -036 | -0.34 0.42 -0.52 | -0.04 -0.01 0.38 0.64

Ni -0.77  1.61 -0.23 | -0.20 0.02 -0.61 | -0.20 0.75 -0.78 045 -0.03 0.30 0.80

Cu | -044 172 090 1.29 -0.59  -1.30 0.48 0.47 -0.50 0.33 0.22 0.12 1.41

Zn 1.71 0.85 -0.10 1.41 -0.34  0.63 0.41 -0.40 0.88 0.06 -090 0.15 1.19

Y 1.00  -0.12 032 0.91 -0.24  -0.21 0.31 -0.19 -0.33 087 -042 -036 1091
Zr 057 -090 -0.15| -0.06 -0.06 0.12 0.34 -0.44 -0.63 076 -0.79 -0.48 -0.94
Nb | -025 -0.89 -0.10 | -0.68 0.06 -0.10 | -0.63 -0.29 -0.30 | -0.03 -0.84 -0.20 -0.88
Mo | -0.18 -0.44 0.17 -0.52 0.01 0.07 -0.71 -0.44 -0.58 021 -0.79 -0.82  -0.65
Tc 0.08 -046 0.25 -0.22 028 -0.06 | -0.37 -0.43 -0.17 | -0.12  -0.57 046  -0.61
Ru 0.16 -056 0.25 -0.02 0.19 -0.09 | -0.15 -0.35 -0.33 0.12 -028 088 -0.55
Rh | -004 -026 0.05 -0.15 0.07 042 -0.19 0.54 -1.10 | -0.03  0.25 0.81 0.63
Pd | -076 1.85 0.01 -0.37  -0.03 -0.10 0.03 0.44 -0.97 043  -0.21 0.65 0.07
Ag | -0.76 082 0.82 1.54 073  0.21 -0.86 0.66 -0.64 0.09 0.55 0.65 1.34

Cd 138  0.02 -0.27 0.85 0.12  0.68 -0.59 -0.09 1.39 -0.13  -0.59 046 0.26

Hf 030 -1.13 -0.54 | -042 -023 -0.25 0.11 -0.66 -0.98 057 -099 -0.80 -1.05
Ta -0.67 -1.08 -0.56 | -1.07 -037 -0.44 | -1.10 -0.55 -0.53 -0.52  -1.15  -0.80 -1.12
w -0.67 -093 -026 | -097 -044 -0.31 -1.01 -0.67 -1.02 | -037 -1.21 048  -1.06
Re -0.46 -080 -0.14 | -0.68 -0.12 -042 | -0.95 -0.77 -0.65 -0.68 -1.12 049  -1.09
Os -020 -0.70 -0.09 | -0.54 -0.07 -0.34 | -0.85 -0.68 -0.91 -050 -0.77 055  -1.09
Ir -039 -037 -0.22 | -038 -0.12 0.00 -1.22 0.24 -1.24 | -0.69 -1.23 040 0.03
Pt -0.31 .51 -022 | -0.08 039 -0.02 | -0.41 -0.42 -1.11 -0.05 -1.16  0.10  -0.64

Au | -049 216 044 1.48 -0.53  -0.72 | -1.07 -0.94 -0.70 | -0.61 -0.78 -0.19 -0.18
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Table S10. Promising mono- and dual-type non-metal doped TM-SACs for high-performing HER reactions with
better catalytic activity than commercial Pt/C, corresponding thermodynamic stability energies (Estas), dissolution
potential (Udiss), magnetization (u™) with H-adsorbed state, angle at vertex at a TM atom (M) enclosed by two
lines pointing to the adsorbed-H (H) and to the first nearest neighbor non-metal atom (Y: C, N, B) coordinating
the TM atom on the 2D surface (£H-M-Y), d™*" is the bond distance between TM and adsorbed hydrogen and
corresponding HER activities are presented in terms of over potential (n"t?).

IMLSACS Eotab Uliss 't PHM-Y) JMH n/ER

(eV) (V) (Bohr) (deg.) (A) (V)
Rh@C, -1.42 1.31 0.00 78.59 1.59 -0.04
Rh@B4 -0.56 0.88 0.00 79.64 1.62 -0.05
Pd@B. -0.93 1.41 0.00 71.11 1.60 -0.01
Ti@N2C;, -3.28 0.01 0.00 109.82 1.75 -0.10
Co@N:C; -2.25 0.85 0.00 89.95 1.43 -0.06
Ru@N->C, -1.05 0.98 0.00 80.07 1.62 -0.02
Pt@N2C, -2.73 2.55 0.00 33.44 1.83 -0.08
Rh@B.,C> -0.07 0.63 0.00 69.91 1.60 -0.07
Pd@B-,C» -0.53 1.21 0.00 30.81 1.85 -0.03
Pd@B:N» -0.71 2.07 0.00 36.76 1.89 -0.10
Pt@ B:N» -0.61 2.52 0.00 37.66 1.88 -0.02
Fe@h-B:N, -2.28 0.69 1.00 38.19 1.62 -0.10
Fe@h-BN -2.95 1.03 0.00 115.37 1.52 -0.08
Pd@h-BN -1.83 1.86 0.00 90.74 1.59 -0.07
Ir@h-BN -1.67 1.72 1.00 106.17 1.66 -0.03
Fe@C; -1.65 0.38 0.56 120.68 1.57 -0.02
Co@Cs -1.92 0.68 0.00 120.59 1.56 -0.04
Rh@Cs -2.00 1.60 0.00 124.08 1.68 -0.03
Pt@Cs -1.41 1.88 0.85 106.34 1.69 -0.05
Pd@2DCP -0.42 1.44 1.00 92.83 1.64 -0.03
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Table S11 Top ranked SISSO generated descriptors used for ML regression for the prediction of HER

activities.
Symbol SISSO descriptors
()
S1 _—
X "
d
S2 €eaV,ypy —
n ECTL
(- glwy
S3 VA
Ven
ECTl
S4 Teov + ( )
Ven
rCO‘U (p
S -
° sin(@)
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Table S12. Elemental features from periodic table properties taken from the Mendeleev python package,? DFT
based electronic and geometric descriptors, Coulomb matrix elements and SISSO generated descriptors.

Feature symbol Description
VA Atomic number
Tcov Covalent radius
X Pauling electronegativity
I First ionization potential
v Radius of the last occupied valence orbital
Ven Valance electrons
0,4 unpaired d-electrons
€ea Electron affinity
a Polarizability
Ecn Effective coordination number
mp Melting point of TM atom

Average distance from TM to four nearest coordinating atoms

d @= d1+d21—d3+d4)
Angle at vertex at a TM atom (M) enclosed by two lines pointing to the

) adsorbed-H (H) and to the first nearest neighbor non-metal atom (Y: B, C,
N, P) coordinating the TM atom on the 2D surface (£ H-M-Y).

gho Highest-occupied Kohn-Sham eigenvalue

elu Lowest-unoccupied Kohn-Sham eigenvalue

CIM; to CMg Coulomb matrix elements based on DFT optimized geometries

S1, S2, S3, Sy4, S5 Top five SISSO generated features

CM(ny), CM(n2), CM(n3),

CM(ny), CMY(TM-H), CIM(H-nX, X Coulomb matrix elements based on elemental properties

=B,C,N&P)
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Table S13. Mean and standard deviation values of the Area Under the Receiver Operating Characteristic Curve
(ROC AUC) for different ML classification models: AdaBoost, CatBoost, Bagging, LGBM-Light Gradient
Boosting Machine, GB-Gradient Boosting, ERT-Extremely Randomized Trees, RF-Random Forest, DT-Decision
Trees, SVC-Support Vector Classifier, KNN-k-Nearest Neighbors, RNC-Radius Neighbors Classifier, LR-

Logistic Regression.

Classifier Lstab Udiss
ROCAUCmean | ROCAUCsd | ROCAUCmean | ROCAUC sd

AdaBoost 0.83 0.05 0.91 0.04
CatBoost 0.83 0.05 0.91 0.04
Bagging 0.87 0.04 0.92 0.04
LGBM 0.85 0.04 0.92 0.04
GB 0.86 0.05 0.93 0.03
ERT 0.87 0.05 0.93 0.03
RF 0.86 0.04 0.92 0.04
DT 0.78 0.06 0.86 0.04
SvcC 0.85 0.05 0.92 0.03
KNN 0.84 0.06 0.92 0.04
RNC 0.83 0.05 0.89 0.05
LR 0.72 0.06 0.89 0.05
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Table S14. ML predicted and DFT verified results of Hydrogen adsorption Gibbs free energies (eV) for TM atom
embedded at single and double vacancy defects sites of mono- and dual-type non-metal doped configurations.

(See Figure S15 & S18)

e 86y (&) AN
Sc@Ps -0.19 2024
Fe@Ps3 0.09 0.02
Zr@Ps3 -0.11 20.18
Au@Ps -0.14 -0.06
Cr@P4 -0.03 0.11
Mn@P4 0.08 0.02
Fe@P4 -0.05 0.01
Nb@P4 -0.08 20.04
Mo@P4 0.15 0.07
Ru@P4 -0.19 2034

Ir@P4 -0.06 0.17
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