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Section 1 Computational details

1. Density functional theory method

All the simulations have been carried out the spin-unrestricted density functional theory 

(DFT), implemented by the Vienna Ab-initio Simulation Package (VASP) software 

with projector augmented wave pseudopotential1. The Revised 

PerdewBurkeErnzerhof (RPBE) functional within the Generalized Gradient 

Approximation (GGA)2-3 is used to describe electron exchange and correlation 

energies. In the calculation processes, the energy cutoff value is set to be 400 eV, and 

the K-grid sampling in the first Brillouin zones is 2×2×1. We may also evaluate the 

effect of cutoff energy with 500 eV on the adsorption energy of key intermediates and 

corresponding reaction energies in Table S8. The disparities of these energies are very 

little, less than 0.1 eV within DFT error. The 4×4 supercell bismuthine structure was 

used to construct the bismuthine-based system modified by p-block atom. The vacuum 

layer thickness is 15 Å to prevent the image interactions along the direction that vertical 

to the substrates. Additionally, the DFT-D3 correction4 is applied to accurately evaluate 

the adsorption energies of intermediates in NRR. To accurately depict the solvation 

effect on the capture of intermediates, the implicit solvation model (VASPsol)5 was 

implemented into the entire reaction processes. The total energy and residual force per 

atom convergence criterion is set to be 104 eV and 0.02 eV/Å, respectively. Density of 

state and Crystal Orbital Hamilton Populations6 were calculated to evaluate the bonding 

strength of key intermediates in the electrochemical NRR process. VASPkit tool7 was 

applied to the pre-process and post-process of VASP simulation including the free 

energy corrections and preparing input files. 

For calculating the Gibbs free energy change during the NRR reaction through 

coupled proton-electron transfer (CPET) process, we used the computational hydrogen 

electrode (CHE) model proposed by Nørskov et al8. The Gibbs free energy change is 

defined as:
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∆𝐺= ∆𝐸+ ∆𝐸𝑍𝑃𝐸 ‒ 𝑇∆𝑆+ ∆𝐺𝑝𝐻+ ∆𝐺𝑒#(1)

where  is the energy difference obtained from DFT calculations,  and  ∆𝐸 ∆𝐸𝑍𝑃𝐸 ∆𝑆

represent the changes in zero-point energy and entropy at 298.15 K, respectively, and 

 and  account for the effects of pH and electrode potential, which are not ∆𝐺𝑝𝐻 ∆𝐺𝑒

considered in this study.

The formation energy of doped- and adsorbed-Bi system was calculated using the 

below formula:

Ef=EtotalEBiEdop/ads-element, where Etotal and EBi are the total energy with and without 

the doped-/adsorbed p-block elements, Edop/ads-element is the chemical potential of p-block 

elements referring to their stable states in the bulk phase or single layer or gas phase.

To further confirm the thermodynamical stability of potential candidates, ab-initio 

molecular dynamics (AIMD) simulations are carried out within the canonical (NVT) 

ensemble at 300 and 500 K using the Nose−Hoover thermostat9.

2. Machine learning algorithm

Scikit-learn (sklearn), a comprehensive and widely-used Python library for 
machine learning, provides robust tools for establishing and analyzing 
relationships between datasets through its extensive collection of regression 
algorithms and feature importance evaluation techniques. For modeling data 
relationships, practitioners can leverage linear regression to capture 
straightforward linear correlations between input features (X) and target variables 
(y), while employing polynomial regression with the preprocessing capabilities to 
handle more complex nonlinear patterns through feature transformation. The 
library further supports advanced regression methods like support vector machines 
and ensemble approaches to address diverse relationship types. Model efficacy is 
quantitatively assessed using metrics such as the coefficient of determination (R²), 
mean squared error, and cross-validation scores, ensuring rigorous evaluation of 
the fitted relationships. Regarding feature importance analysis, sklearn offers 
multiple methodologies: tree-based algorithms inherently provide impurity-based 
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importance scores through their feature importance attribute, while permutation 
importance enable model-agnostic interpretation of feature contributions. 

The SISSO (Sure Independence Screening and Sparsifying Operator) 
algorithm is based on compressed sensing and symbolic regression approach10-11. 
We employed SISSO to identify the determining primary features and train a large 
number of physically interpretable descriptors with different dimensions and 
complexities. DFT-calculated inputs were used as training data. Through 
integrating lots of user-defined primary features with a set of mathematical 
operators, an enormous pool of more than 10 billion potential descriptors is created 
iteratively. The complexity of the ML-trained descriptors (phi) is governed by the 
number of times the operators are used (feature spaces). Note that the overall 
feature space for searching descriptors of varying complexity grows exponentially 
with descriptor complexity. It was taken into account up to four levels (phi = 1, 2, 
3, 4) in this work. For establishing the feature spaces, we utilized the set of 
algebraic/functional operators given in the following:

^
𝐻(𝑚) ≡ { + , ‒ , × , ÷ ,𝑙𝑜𝑔,𝑒𝑥𝑝,𝑒𝑥𝑝( ‒ ), ‒ 1,2,3, ,3 ,| ‒ |}

In an ideally determined subspace, the best descriptors for each complexity 
and dimension are acquired.

The sparsifying ℓ0 constraint is adapted to a smaller feature subspace that has 
been chosen using a screening method called sure independence screening (SIS), 
where the size of the subspace is equal to a user-defined SIS value multiplied by 
the dimension of the descriptor. The SIS value is not a typical hyperparameter, 
and it is not easy to optimize it using a validation data set. To find the best 
descriptor, one should ideally search the entire feature space. However, because 
the computational cost of the sparsifying ℓ0 constraint increases exponentially with 
the size of the searched feature space, this is not computationally feasible. 
Conversely, the largest computationally feasible SIS value should be chosen. The 
convergence of the training error served as the basis for selecting the reasonable 
SIS values.
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Section 2 Figures

Figure S1 Optimized configurations of p-block element doped into 2D bismuthine with 
side (up) and top (down) view. Purple ball and other color ball indicate Bi atom and 
other p-block elements, respectively. 



8

Figure S2 Optimized configurations of p-block element adsorbed onto 2D bismuthine 
with side (up) and top (down) view. Purple ball and other color ball indicate Bi atom 
and other p-block elements, respectively. 
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Figure S3 Optimized adsorption models of key intermediates N2 (a), NNH (b), H (c), 
NH2 (d), N (e), NH3 (f) on the p-block element doped into bismuthine. Purple, yellow, 
blue, and white balls represent Bi, adsorbed p-block element, N and H atom, 
respectively. The orange and green colors represent the different adsorption 
configurations of key intermediates.
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Figure S4 Optimized adsorption models of key intermediates N2 (a), NNH (b), H (c), 
NH2 (d), N (e), NH3 (f) on the p-block element adsorbed onto bismuthine. Purple, 
yellow, blue, and white balls represent Bi, adsorbed p-block element, N and H atom, 
respectively. The orange and green colors represent the different adsorption 
configurations of key intermediates.
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Figure S5 Adsorption energy of key NRR intermediates H (a), N2 (b), NNH (c), N (d), 
NH2 (e), NH3 (f) on the p-block element doped into bismuthine.
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Figure S6 Adsorption energy of key NRR intermediates H (a), N2 (b), NNH (c), N (d), 
NH2 (e), NH3 (f) on the p-block element adsorbed onto bismuthine.
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Figure S7 Reaction energy of *N2 to *NNH (a) and *NH2 to NH3 (b) on the p-block 
element doped into bismuthine.
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Figure S8 Reaction energy of *N2 to *NNH (a) and *NH2 to NH3 (b) on the p-block 
element adsorbed onto bismuthine.
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Figure S9 Scaling correlation between adsorption energies of different intermediates 
on the p-block element doped into bismuthine. In the legend, the five colored dots 
correspond to specific elemental groups: IIIA, IVA, VA, VIA, and VIIA. The color-coded dots 
indicate designated element groups, where dots sharing the same color represent elements 
belonging to the same main group.
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Figure S10 Scaling correlation between adsorption energies of different intermediates 
on the p-block element adsorbed onto bismuthine. In the legend, the five colored dots 
correspond to specific elemental groups: IIIA, IVA, VA, VIA, and VIIA. The color-coded dots 
indicate designated element groups, which dots sharing the same color represent elements 
belonging to the same main group.
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Figure S11 Bader charge (a) and p-band center (b) of doped p-block elements on the 
bismuthine.
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Figure S12 Bader charge (a) and p-band center (b) of adsorbed p-block elements on 
the bismuthine.



19

Figure S13 Scatter diagrams between UL(NRR) (a, c), G*NNH (b, d) and Bader charge, 
p-band center on the p-block element doped into bismuthine. In the legend, the five 
colored dots correspond to specific elemental groups: IIIA, IVA, VA, VIA, and VIIA. 
The color-coded dots indicate designated element groups, which dots sharing the same 
color represent elements belonging to the same main group.
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Figure S14 Scatter diagrams between UL(NRR) (a, c), G*NNH (b, d) and Bader charge, 
p-band center on the p-block element doped into bismuthine. In the legend, the five 
colored dots correspond to specific elemental groups: IIIA, IVA, VA, VIA, and VIIA. 
The color-coded dots indicate designated element groups, which dots sharing the same 
color represent elements belonging to the same main group.
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Figure S15 Scaling correlation between UL(NRR)UL(HER) and G*NNH on the doped 
(a) and adsorbed (b) into bismuthine. In the legend, the five colored dots correspond to 
specific elemental groups: IIIA, IVA, VA, VIA, and VIIA. The color-coded dots 
indicate designated element groups, which dots sharing the same color represent 
elements belonging to the same main group.
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Figure S16 Scaling correlation between UL(NRR) and 1D descriptor acquired by the 
SISSO algorithm on the bismuthine doped (a) and adsorbed (b) by p-block elements.
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Figure S17 Scaling correlation between UL(NRR)UL(HER) and 1D descriptor 
acquired by the SISSO algorithm on the bismuthine doped (a), adsorbed (b) and sum of 
doped and adsorbed (c) by p-block elements. 
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Figure S18 Fitting curve of UL(NRR)UL(HER) between DFT calculation and SISSO 
prediction result by 1D (a) and 2D (b) descriptors. 
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Figure S19 The free energy diagram of distal-associative pathway for NRR on the B-
(a) and P- (b) adsorbed on bismuthine.
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Figure S20 The free energy diagram of alternating-associative pathway for NRR on 
the B- (a), C- (b), and P-(c) adsorbed on bismuthine. 
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Figure S21 The free energy diagram of alternating-associative pathway for NRR on C-
(a) and Si- (b) doped on bismuthine.
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Figure S22 Partial density of state (left) and Crystal Overlap Hamilton Populations (right) of 
NNH and NH2 intermediate on the pure bismuthine (a, d), C-doped Bi (b, e), and Si-doped Bi 
(c, f). 
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Figure S23 The free energy diagram for HER on B-(a), C- (b), P(c) adsorbed on and C-
(d), Si-(e) doped on bismuthine.
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Figure S24 The formation energy diagram p-block element doped (a) and adsorbed (b) 
into bismuthine.
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Figure S25 Molecular dynamics results about energy and temperature on the C-doped onto 
bismuthine under the 300 (a, b, e) and 500 K (c, d, f). Purple and gray ball represents Bi and C 
atom, respectively.
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Figure S26 Molecular dynamics results about energy and temperature on the C-adsorbed onto 
bismuthine under the 300 (a, b, e) and 500 K (c, d, f). Purple and gray ball represents Bi and C 
atom, respectively.



33

Figure S27 Molecular dynamics results about energy and temperature on the Si-doped 
onto bismuthine under the 300 (a, b, e) and 500 K (c, d, f). Purple and gray ball 
represents Bi and Si atom, respectively.
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Section 3 Tables

Table S1 Adsorption energy of intermediates *N, *H, *N2, *NNH, *NH2, and *NH3 on the p-

block element doped into bismuthine.

Element ΔGN (eV) ΔGH (eV) ΔGN2 (eV) ΔGNNH (eV) ΔGNH2 (eV) ΔGNH3 (eV)

B -0.36 -0.69 -0.70 0.49 -1.34 -1.52

Al 1.67 0.02 0.11 1.61 -0.61 -1.23

Ga 2.20 0.27 0.17 1.96 0.09 -0.75

In 2.56 0.53 0.22 2.32 0.45 -0.58

C -1.74 -1.61 -0.02 0.16 -1.06 -0.60

Si 0.80 -0.81 0.26 0.94 -1.22 -0.71

Ge 1.89 -0.22 0.34 1.66 -0.28 -0.12

Sn 2.26 0.17 0.30 2.03 0.07 -0.10

N -0.71 -0.62 0.26 1.51 0.87 -0.24

P 1.81 -0.15 0.29 2.60 0.73 -0.10

Sb 2.82 1.36 0.33 3.06 1.36 -0.14

Bi 3.10 1.58 0.28 3.05 1.60 -0.05

O 2.17 -0.15 0.25 2.07 0.03 -0.19

S 2.15 0.87 0.27 2.33 0.43 -0.17

Se 2.19 1.13 0.28 2.44 0.52 -0.16

Te 2.23 1.32 0.28 2.57 0.66 -0.13

F 1.57 0.50 0.29 2.43 0.54 -0.10

Cl 1.65 0.93 0.26 2.38 0.54 -0.12

Br 1.67 1.27 0.25 2.40 0.57 -0.12

I 1.68 1.35 0.27 2.45 0.65 -0.08
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Table S2 Adsorption energy of intermediates N, *H, *N2, *NNH, *NH2, and *NH3 on the p-block 

atom adsorbed on bismuthine.

Element ΔGN (eV) ΔGH (eV) ΔGN2 (eV) ΔGNNH (eV) ΔGNH2 (eV) ΔGNH3 (eV)

B -0.25 -0.49 0.32 -0.07 -1.09 -0.17

Al 0.92 0.38 0.38 1.50 -0.86 -0.38

Ga 1.82 0.47 0.37 1.98 -0.33 -0.24

In 2.23 0.60 0.34 2.12 0.03 -0.23

C -1.35 -1.07 0.31 0.76 -1.01 -0.19

Si 0.38 -0.23 0.35 1.39 -0.66 -0.12

Ge 1.04 0.39 0.36 1.96 -0.09 -0.18

Sn 1.26 0.22 0.36 1.86 -0.22 -0.08

N -2.71 -1.55 0.42 0.35 -0.18 -0.38

P 0.76 -0.67 0.35 1.27 -0.66 -0.14

Sb 2.11 -0.11 0.35 1.83 -0.23 -0.13

Bi 2.13 0.01 0.34 1.88 0.40 -0.12

O 2.33 -0.20 0.33 2.20 0.93 -0.21

S 2.37 0.25 0.33 2.38 0.96 -0.14

Se 2.77 0.48 0.36 2.60 1.02 -0.11

Te 2.69 0.59 0.37 2.57 0.95 -0.13

F 2.23 -0.16 0.37 2.55 0.81 -0.18

Cl 2.58 0.65 0.39 2.83 1.03 -0.12

Br 2.61 0.94 0.39 2.78 1.06 -0.10

I 2.64 1.07 0.36 2.65 1.07 -0.04
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Table S3 Primary features of p-block element and corresponding abbreviation and unit.

Name Abbreviation Unit
Pauling electronegativity χ dimensionless
Pauling electronegativity of Bi χBi dimensionless
Valence electron number Ne dimensionless
Valence electron number of Bi NeBi dimensionless
Periodic number Nperiod dimensionless
Periodic number of Bi NperiodBi dimensionless
Group number Ngroup dimensionless
Mendeleev number Mmen dimensionless
Atomic number Natom dimensionless
Number of electron layers Nes dimensionless
Electron affinity EA eV
Electron affinity of Bi EABi eV
Covalent radius Ratom Å
Covalent radius of Bi RatomBi Å
Ionization Energy IE eV
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Table S4 The basic attributes of the element including occupied valence electron number (Ne), 
periodic number (Nperiod), covalent radius (Ratom), electronegativity (χ), electron affinity (EA), Group 
number (Ngroup), Mendeleev number (Mmen), Number of electron layers (Nes) and Ionization Energy 
(IE).

element χ Ne Nperiod EA Ratom Ngroup Mmen Nes IE

B 2.04 3 2 0.28 0.85 13 81 2 8.30
Al 1.61 3 3 0.43 1.25 13 82 3 5.99
Ga 1.81 3 4 0.43 1.30 13 83 4 6.00
In 1.78 3 5 0.30 1.55 13 84 5 5.79
C 2.55 4 2 1.26 0.70 14 87 2 11.26
Si 1.90 4 3 1.39 1.10 14 88 3 8.15
Ge 2.01 4 4 1.23 1.25 14 89 4 7.90
Sn 1.96 4 5 1.11 1.45 14 90 5 7.34
N 3.04 5 2 0.07 0.65 15 93 2 14.53
P 2.19 5 3 0.75 1.00 15 94 3 10.49
Sb 2.05 5 5 1.05 1.45 15 96 5 8.64
Bi 1.90 5 6 0.94 1.60 15 97 6 7.29
O 3.44 6 2 1.46 0.60 16 99 2 13.62
S 2.58 6 3 2.08 1.00 16 100 3 10.36
Se 2.55 6 4 2.02 1.15 16 101 4 9.75
Te 2.10 6 5 1.97 1.40 16 102 5 9.01
F 3.98 7 2 3.40 0.50 17 106 2 17.42
Cl 3.16 7 3 3.61 1.00 17 107 3 12.97
Br 2.96 7 4 3.36 1.15 17 108 4 11.81
I 2.66 7 5 3.06 1.40 17 109 5 10.45
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Table S5 The descriptor of target UL(NRR) with lowest RMSE for each dimension, 
complexity and task. χ, Ne, Nperiod, EA, Ratom, χBi, NeBi, NperiodBi, EABi, RatomBi indicates 
electronegativity, Valence electron number, Periodic number, Electron affinity, covalent 
radius and these feature of Bi.

Dimension Complexity Descriptor Task Coefficient Intercept RMSE MaxAE
1 -0.21 0.16

1 1 Ne + Nperiod 2 -0.24 0.18
0.37 0.79

-3.563 Ne 1
-0.77

4.66

-4.272 1 Nperiod

EA
2

-0.15
5.99

0.31 0.81

-0.01
N3

e 0.131
-0.72

-0.10

EA*Ratom
-0.01
0.98

3 1

log( )Ratom
2

-2.60
-1.38

0.21 0.65

1 0.84 -3.66
1 2

NeBi ‒ χ

Ratom 2 0.88 -3.95
0.35 0.84

-0.36N𝑒 ‒ Nperiod𝐵𝑖

𝑅𝑎𝑡𝑜𝑚
1

0.50
-2.35

-0.59
2 2

3
EA

Nperiod
2

3.10
-4.63

0.24 0.55

2.861
exp(EA) ⋅ Ratom 1.081

102.62

-5.28

1
exp(|Ne ‒ NeBi|) 2.92

0.07

3 2

3
EA
N𝑒

2
180.33

-6.91

0.15 0.32

1 128.75 -2.13
1 3

EA
Nperiod ⋅ exp(Ne) 2 177.58 -2.49

0.29 0.99

187.65EA

N3
e ⋅ Nperiod

1
1.23

-3.13

263.17
2 3

Ne ‒ χ

exp(EA)
2

0.04
-2.87

0.19 0.57
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1 104.80 -2.15
1 4

EA
Nperiod ⋅ exp(Ne ⋅ EABi) 2 147.89 -2.52

0.29 0.98

118.071
exp(|EA ‒ EABi|) ⋅ χ ⋅ Nperiod

1
-1.42

-2.49

174.14
2 4

Ne

|EA ‒ 𝐸𝐴Bi| + EA
2

-0.53
-1.67

0.14 0.36

Table S6 The descriptor of UL(NRR)-UL(HER) with lowest RMSE for each dimension, 
complexity and task. χ, Ne, Nperiod, EA, Ratom, χBi, NeBi, NperiodBi, EABi, RatomBi indicates 
electronegativity, Valence electron number, Periodic number, Electron affinity, covalent 
radius and these feature of Bi.

Dimensio
n

Complexit
y

Descriptor
Tas
k

Coefficien
t

Intercep
t

RMS
E

MaxA
E

-0.90 1.68
1 1

Nperiod

Ratom

1
2 -0.53 0.61

0.56 2.04

-1.02χ
Ratom

1
4.53

-3.08

-0.69
2 1

1
Ratom

2
3.31

-2.58

0.49 1.51

0.933 EA
-0.481
3.11

-2.85

Ne

Ratom 4.24

-0.88

3 1

1
Ratom

2

5.45

-6.63

0.33 1.05

1 0.88 -3.29
1 2

Ne ‒ χ

Ratom 2 0.66 -2.63
0.51 1.48

-0.55Ne ‒ NperiodBi

Ratom
1

0.59
-2.79

-1.05
2 2

3 EA ‒ N𝑒 2
2.18

-6.11

0.33 0.62

1.11Ne𝐵𝑖 ‒ χ

Ratom -0.923 2

exp(
Nperiod

𝐸𝐴
)

1

0.05

-2.65 0.26 0.74
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1.88

-7.04𝑁𝑒 ⋅ (𝑁𝑝𝑒𝑟𝑖𝑜𝑑 ‒ 𝑁𝑝𝑒𝑟𝑖𝑜𝑑𝐵𝑖)

2

0.19

1.28

1 140.90 -1.70
1 3

EA
Nperiod ⋅ Ne 2 151.25 -1.61

0.46 1.01

-2.42Ne ‒ NperiodBi

N 2
period

1
-1.61

-1.37

-5.55
2 3

exp( ‒ 𝐸A)
(Nperiod + χBi)

2
-21.02

-0.44

0.30 1.01

1 1.24 -1.33
1 4

exp( ‒ Nperiod)

|Ne ‒ NperiodBi| ‒ χBi 2 1.93 -1.27
0.38 1.14

0.12(𝑁𝑒 ‒ 𝑁𝑝𝑒𝑟𝑖𝑜𝑑𝐵𝑖) ⋅ (𝑁𝑝𝑒𝑟𝑖𝑜𝑑 ‒ 𝑁𝑝𝑒𝑟𝑖𝑜𝑑𝐵𝑖)

𝑅𝑎𝑡𝑜𝑚
1

-2.64
-1.14

0.292 4
exp( ‒

𝐸𝐴
Nperiod

)

(Nperiod + χBi)
2

-30.10
1.89

0.26 0.95

Table S7 The free energy change of elementary steps for NRR on the potential candidates. 

N2 NNH NHNH NNH2 NHNH2 NH2NH2 N NH NH2 NH3

C doped -0.02 0.16 0.79 -0.14 0.25 0.93 -1.02 -1.00 -1.06 -0.60
Si doped 0.26 0.94 2.24 0.88 1.70 0.97 0.80 0.09 -1.22 -0.71

B adsorbed 0.32 -0.07 0.76 0.76 -0.36 1.13 -0.25 0.45 -1.09 -0.17
C adsorbed 0.31 0.76 0.04 0.04 0.15 1.19 -1.35 -0.68 -1.01 -0.19
P adsorbed 0.35 1.27 1.91 1.91 1.07 1.73 0.76 1.53 -0.66 -0.14
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Table S8 The adsorption energy of key intermediates on the doped-Bi using the test results 
of 400eV and 500eV cut-off energy.

Note: the effect of cutoff energy on the adsorption energy of intermediates are very small, all less 

than 0.1 eV within DFT error, that can be neglected.

N2 NNH NH2 NH3 ΔGN2→NN

H

ΔGNH2→NH

3

C_500eV -0.03 0.23 -1.07 -0.61 0.26 0.45
Si_500eV 0.23 0.94 -1.28 -0.73 0.71 0.55
C_400eV -0.02 0.16 -1.06 -0.6 0.18 0.46
Si_400eV 0.26 0.94 -1.22 -0.71 0.68 0.51
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