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Notel. Supplementary computational details

The adsorption energy (Eqqss) of the molecule (N2, O2 and H>0) and atom (H, N, O

and metals) on the substrate is calculated by
Eads = Etotal — Esub — Eadsorbate Eq.1

where Eiotal 1s the total energy of the substrate with absorbed molecule or atom, Esu 1s
the total energy of the substrate, and Eadsorvate 1S the energy of adsorbate. In particular,
the free energy of the O2 gas molecule is determined by the equation':

Go,(g) = 492 — 2 X Gy,00) — Gu, (o) Eq.2
in which G(H2O (1)) can be calculated by carrying out calculation of G(H2O (g)) at a
pressure of 0.035 bar.

The cohesive energies are obtained from experimental data?.

The Gibbs free energy (G) was obtained using the computational hydrogen
electrode (CHE) model®. At the standard hydrogen electrode (SHE), the chemical
potential of H'/e™ pair in aqueous solution is equal to half that of hydrogen gas.
According to the CHE model, the free energy change of reaction (AG) for each
elementary step of NRR is expressed as

AG = AE —TAS + AZPE — AGy + AGpy Eq.3
where AE is the change in total energies of the species involved in each step, AS and
AZPE are the change in entropy and zero—point energies, respectively. Note that the
entropies of gas molecules (N2, H, and NH3) are obtained from the NIST database®,
while those of the absorbed intermediates were set to zero. The zero-point energies of
both gas molecules and intermediates were calculated using VASP and could be
determined as ZPE = '2Xhvi, here h and v; are Planck constant and vibrational
frequencies, respectively. T is the temperature and was set as 298.15 K here. AGy =neU
is the free energy contributed by electrode potential, here n and U are the number of
electrons transferred and the applied electrode potential, respectively. AGyn = kT %
In10 % pH is the correction of pH, here kg is the Boltzmann constant, and pH = 0 was

considered in this work.
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The d band center, ¢4, was calculated as:

+o0 +00
&4 =f pede/f ede Eq.4

where p and ¢ refer to the projected density of states (PDOS) of d orbital and energy
level, respectively.

The limiting potential (LP) of the whole process is used to estimate the
performance of NRR catalysts, which is determined by the potential determining step
(PDS) that has the maximum AG values (AGrps) and by AG(*H) for NRR and HER,

respectively, and can be calculated by

AG
e

LP = Eq.5
All the potential values are referenced to SHE.

We explored the 4e pathway of ORR and OER in an alkaline solution whose

reactions are denoted as follows, in which * refers to the adsorption site.

The process of ORR:

0,(g) + H,0 + e~ + *—>* O0OH + OH™ Eq.6
* OOH+ e~ -+ 0+ OH™ Eq.7
*0 +H,0+e™ »xOH + OH™ Eq.8
* OH + e~ »*+0H™ Eq.9

and the process of OER:
* +OH™ »*x OH + e~ Eq. 10
*OH+ OH™ »x 0+ H,0 + e~ Eq. 11
*0+OH™ ->xO0H + e~ Eq.12
* O0OH+ +0H™ - 0,(g) + H,0 +e™ + * Eq.13

where * indicates the active center of the catalyst, (g) refers to the gas phase.
The adsorption free energy of intermediates during ORR/OER (*O;H;, i.e. *OOH, *O,

*OH) are calculated by the following equation:

AG*OiHj = G*OiHj -G, —iX Go —]/2 X G*H2 Eq 14

where Go was calculated according to the difference of G(H20) and G(H>).
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The Gibbs free energy change during ORR and OER can be obtained by the follows:
For ORR (Eq. 6-9):

AG, = AG,oonx — 4.92 Eq.15
AG, = AG,o — AG,o0n Eq.16
AG; = AG,og — AG.o Eq.17

AG, = —AG,oy Eq.18

For OER (Eq. 10-13):

AGs = AG,oq Eq.19
AGg = AG,o — AG,oH Eq. 20
AG; = AG,oo — AG.o Eq.21
AGg = 4.92 — AG.o0H Eq.22

The overpotential 7orr and noer are obtained by the following equations:
Norr = 1.23 + max(AG,,AG,, AGs, AG,) Eq.23
Nogr = Max(AGs, AGg, AG,, AGg) — 1.23 Eq.24
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Note2 Structure and features of TM@BNNC

Note2.1. Optimized configuration of the intermediates of the NRR distal pathway
catalyzed by Os@BNNC and the N-N bond length of adsorbates.

Distal
N/A 1.12 A 1.30 A
* *N *NNHH
N/A N/A N/A N/A
*N *NH *NH, *NH;3

SH



Note2.2. Optimized configuration of the intermediates of the NRR alternating pathway
catalyzed by Os@BNNC and the N-N bond length of adsorbates.

Alternating

N/A 1.12 A 1.28 A
* *NN *NHNH
140 A 1.46 A N/A N/A
*NHNH *NHHNHH *NH, *NH;
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Note2.3. Optimized configuration of the intermediates of the NRR enzymatic pathway
catalyzed by Os@BNNC and the N-N bond length of adsorbates.

Enzymatic
N/A 1.23 A 1.28 A 145 A
* *ENN **NNH **NHNH

1.44 A N/A N/A

**NHNHH **NHHNHH *NH, *NH;
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Datal. For Section 3.1

Table S1. Adsorption energies (Eads) of TM on BN nanocage, cohesive energies (Ecoh)
of the corresponding metal atom and the difference between them (Eags—Econ). The bold
data refer to unstable TM@BNNCs. The unit is eV.

™ Eags Ecoh Eadgs — Econ
Al —7.34 -3.39 -3.95
Sc —9.45 -3.90 —5.55
Ti -10.71 —4.85 —5.86
\Y —9.10 -5.31 -3.79
Cr —6.85 —4.10 —2.75
Mn —6.50 -2.92 —3.58
Fe —7.02 —4.28 —2.74
Co —6.30 —4.39 -1.91
Ni -5.96 —4.44 -1.52
Cu -3.90 -3.49 -0.41
Zn —-1.84 -1.35 —0.49
Y —9.68 —4.37 -5.31
Zr -12.35 —6.25 —6.10
Nb —-10.86 —7.57 -3.29
Mo —8.56 —6.82 -1.74
Tc —-8.33 —6.85 —1.48
Ru —7.87 —6.74 -1.13
Rh —6.62 =5.75 —-0.87
Pd -3.94 —3.89 —0.05
Ag ~2.06 ~2.95 0.89
Cd —0.82 -1.16 0.34
Lu -9.57 —4.43 —5.14
Hf —-12.45 —6.44 —6.01
Ta -12.47 —8.10 —4.37
\W -12.17 -8.90 -3.27
Re —-10.53 —6.03 —4.50
Os —-8.50 —8.17 —-0.33
Ir —-8.04 —6.94 -1.10
Pt —-6.08 —5.64 —0.44
Au -3.09 —3.81 0.72
Hg 0.22 —0.67 0.89
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Data2. For Section 3.2

Table S2. Adsorption energies (Fads), ZPE and adsorption free energies (AG) during N>
adsorption on TM@BNNC:s. The unit is eV.

™ E  ZPE AG Ewe ZPE AG
Initial End-on(*NN) Side-on(**NN)
configuration
Sc 041 017 020 041 017 020
Ti 065 019 002  -064 019 —0.02
v 060 019 003  -005 017 056
cr 036 019 027 031 018  0.92
Mn 018 015 041 022 018 039
Fe 029 015 030 120 018 181
Co 000 023 067  -016 016 045
Ni 003 017 064  -007 016 053
cu 008 017 053  -006 017 054
Zn 017 017 044  -017 016 0.4
Y 033 018 029  -033 018 029
Zr 056 018 006 056 018  0.06
Nb 068 019  -005 048 019 0.5
Mo 048 018 014 026 020 038
Te 047 020 017 021 020 042
Ru 040 021 025 012 020 052
Rh 034 021 031  -005 016 054
Pd 005 016 054  -007 016 053
Lu 038 018 023  -038 017 023
Hf 064 018 002  -064 018 —0.02
Ta 072 018 010  -056 018  0.06
w 077 018 015  -075 020 0.1
Re 078 020 014 072 019 0.0
0s 055 021 010  -043 021 022
Ir 048 022 018  -006 016 054
Pt 014 021 051 006 0.6 054
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Table S3. Values of AG1.6(eV) for NRR on TM@BNNCs (TM = Sc, Ti, V, Zr, Nb, Mo,
Tc, Hf, Ta, W, Re, Os and Ir).

Element AG1 AG1 AG2 AG2 AG> AGg

Adsorption 1 wsNNH *NNHH - *NHNH - **NHNH - *NHa
configuration

Sc 1.92 200 021 047 049 184

Ti 1.74 188  -0.17 053 043  -131

Y, 0.99 ~0.26 —0.22 0.01

zr 1.68 010  -0.40 112

Nb 0.63 034  -040  -010 041 1.12

Mo 0.58 ~0.66 ~0.08 0.82

Tc 0.46 075 0.24 0.56

Hf 1.59 168  —0.16 042 052  -1.03

Ta 0.42 008 046 010  -0.36 1.79

W 019  -010  -081 026  —052 1.25

Re 006 -025  —0.80 0.53 0.18 0.73

Os 0.27 073 —0.69 039  -018 0.9

Ir 0.61 ~0.01 0.29 037
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Table S4. Gibbs free energy changes (eV) during the distal mechanism of NRR on
TM@BNNCs (TM =Tc, Re, Os and Ir).

Step Absorbate TM=Tc TM=Re TM=0s TM=1Ir
0 *N2 0.17 -0.14 0.10 0.18
1 *NNH 0.46 0.06 0.27 0.61
2 *NNH:2 -0.75 —0.80 -0.69 -0.01
3 *N —0.16 -0.12 —0.63 -131
4 *NH -0.72 -0.91 -0.33 0.85
5 *NH2 -0.73 -0.30 -0.32 -1.22
6 *NHs 0.56 0.73 0.29 -0.37
LP / —0.56 -0.73 -0.29 -0.85

Table S5. Gibbs free energy changes (eV) during the alternating mechanism of NRR on
TM@BNNCs (TM = Tc, Re, Os and Ir).

Step Absorbate TM=Tc TM=Re TM=0s TM=1Ir
0 *N2 0.17 -0.14 0.10 0.18
1 *NNH 0.46 0.06 0.27 0.61
2 *NHNH 0.24 0.53 0.39 0.29
3 *NHNHH —0.84 -0.79 -0.69 -0.71
4 *NHHNHH 0.81 0.85 0.61 0.27
5 *NH: —2.57 —2.72 —2.27 -1.54
6 *NHs 0.56 0.73 0.29 -0.37
LP / —0.81 —-0.85 -0.61 -0.61
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Table S6. Gibbs free energy changes (eV) during the enzymatic mechanism of NRR on
TM@BNNCs (TM = Re and Os).

Step Absorbate TM =Re TM =0Os
0 **N2 -0.10 0.22
1 **NNH -0.25 0.73
2 **NHNH 0.18 -0.18
3 **NHNHH -0.21 -0.40
4 **NHHNHH 0.81 0.36
5 *NH2 —2.66 -2.33
6 *NHs 0.73 0.29
LP / -0.81 -0.73
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Table S7. Summary of SACs for NRR and their supports, single atom (SA),
coordination and limiting potential (LP).

Supports SA Coordination LP(V) Reference
CsN Sc MC2N -0.66 Refs.>
Ti MC:N -0.67
vV MC:2N -0.63
Cr MC:N -0.80
Mn MC:N -0.75
Fe MC:N -0.78
Co MC:N -0.83
Ni MC:N -0.75
Cu MC:N -1.77
Zn MC:N -1.40
Y MC:2N -0.73
Zr MC:N —0.67
Nb MC:N -0.97
Tc MC:N -0.82
Ru MC:N —0.94
Rh MC:N -0.85
Pd MC:N —0.66
Lu MC:N -0.51
Hf MC:N -0.84
Ta MC:N -1.27
Re MC:N -1.16
Ir MC:N -0.74
Pt MC:N -0.74
Sc MC; -0.84
Ti MCs -0.93
Vv MCs -0.59
Cr MC; -0.80
Mn MCj; -0.65
Fe MC; -0.89
Co MCs -1.19
Ni MCs -0.98
Zn MCs -1.32
Y MCj; -1.00
Zr MCj; -1.03
Nb MC; -0.78

S13



Tc
Ru
Rh
Pd
Lu
Hf
Ta
Re

Pt
Sc
Ti

Cr
Mn
Fe
Co
Ni
Cu
Zn

Zr
Nb
Mo
Tc
Ru
Rh
Pd
Ag
Lu
Hf
Ta

Re
Os

Pt
Au

MCs
MCs
MCs
MCs
MCs
MCs
MCs
MCs
MCs
MCs
MC4
MC4
MC4
MC4
MC4
MC4
MC4
MC4
MC4
MC4
MC4
MC4
MC4
MC4
MC4
MC4
MC4
MC4
MC4
MC4
MC4
MC4
MC4
MC4
MC4
MC4
MC4
MC4

-0.60
-1.39
-1.46
-0.95
-0.94
-1.17
-0.70
—0.86
-1.16
-0.74
-1.13
—0.66
-0.73
—0.45
-0.47
-0.75
-1.17
-2.01
-2.30
-121
-1.20
—0.68
-0.89
-0.92
-0.67
-0.83
-1.17
-2.07
—2.24
-1.07
-0.75
-1.28
-1.27
-3.07
-0.54
—0.96
-1.98
-2.21

Refs.>

S14



Hg MC4 -2.17 Refs.®
Sc MC:2N:2 -0.77
Ti MC:2N:2 -0.84
Vv MC:2N:2 -0.62
Cr MC:2N2 -0.40
Mn MC:2N2 -0.79
Fe MC:2N2 -0.62
Co MC:2N2 -1.04
Ni MC:2N2 -2.30
Cu MC:2N2 -2.31
Zn MC:2N2 -1.85
Y MC:2N2 —-0.88
Zr MC:2N2 -0.95
Nb MC:2N2 -0.81
Mo MC:2N2 —-0.80
Tc MC:2N2 -0.65
Ru MC:2N2 -1.01
Rh MC:2N2 -0.87
Pd MC:2N2 -2.48
Ag MC:N; 2.25
Cd MC:2N2 -1.63
Lu MC:2N2 -0.76
Hf MC:2N2 -1.14
Ta MC:2N2 -1.14
W MC:2N2 -1.05
Re MC:2N2 -1.01
Os MC:2N2 -0.55
Ir MC:2N2 -0.79
Pt MC:2N2 -2.43
Au MC:2N2 -2.18
Hg MC:N; 1.32
Graphene Mo MCs -0.89 Refs.
Nb MCs -0.83
V MCs -0.99
W MCs -0.75
Ir MC4 -0.66
Co MC4 -1.00
Ir MC4 -0.79
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Mo MC4 -0.69 Refs.®
Nb MC4 -0.61
Os MC4 -0.69
\% MC4 -0.70
Ta MC4 -0.92
Re MC4 -0.60
La MN3 -0.70
Mn MN3 -1.00
Sc MN3 -0.89
Ti MN3 -0.77
Y MN3 -0.97
\% MN4 -0.87
Cr MN4 -0.98
Sc MN4 -0.81
Y MN4 -0.97
Ti MN4 -0.69
Graphene oxide Pt cluster —0.68 Refs.’
Cu cluster -1.52
Co cluster -1.24
Ni cluster -1.52
Graphene Fe MN3 —0.66 Refs.®
Fe MCs -1.37
Fe MC:N -1.16
Fe MCN2 -0.80
Fe MP3 -0.92
C2N Ru MN; -0.96 Refs.?
y-graphyne Ru MCs -0.98
t-C3N4 Ru MN3 -0.94
g-CsNa \% MC:2N3 -0.53 Refs.10
(corrugated+ N) Ti MCN:2 -0.51
Graphene Mo MC:2N -0.40 Refs.1!
C2N Mo MN: -0.17 Refs.12
Ti MN2 -0.45
Vi MN2 -0.55
Ni MN2 -0.79
Graphene Nb MCs -0.45 Refs.13
Re MCs -0.43

S16



\Y MC:2N -0.52 Refs.13
Nb MC:N -0.41
Mo MC:N -0.40
Vv MNj4 -0.41
Ru MC:N —-0.60
Vv MCN3 -0.35
W MCs -0.25
Zr MC:N -0.55
Fe MN2 -1.38 Refs.14
Co MN4 -1.09
Ru MN4 -1.27
Rh MN4 -1.23
Mo MN4 -0.67
w MNj4 -1.08
g-CsNg4 Pt MNg4 -0.24 Refs.1®
W MN; -0.35 Refs.1
\Y, MNs -0.52 Refs.t’
Cr MNs -1.23
Mn MNs -1.23
Fe MNs 081
Ag MNG 220
Au MNs -0.94
Ru MNs -0.33
Rh MNs -0.45
Co MNs -0.61
Ni MNe -1.15
Cu MNs -1.79
Pd MNs -1.13
Nb MNe -0.53
Mo MNs -0.62
Tc MNs -0.43
Ta MNs -1.00
W MNs —0.65
Re MNs -0.83
Ir MNs —-0.98
Pt MNs —0.98
a-Boron sheet Ru MBs -0.42 Refs.18
B12-Boron sheet Ru MBs -0.44
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C2N Cr MN; -1.69 Refs.1°

Mn MN:2 -0.69

Fe MN; ~1.06

Co MN:2 -1.02

Ni MN:2 -1.22

Cr M2Na4 -0.34

Co M2N4 -0.54

Ni M2Na4 -0.42

Mn M2N4 -0.23

Fe M2Na4 -0.24
Mo M2Ne -0.41 Refs.20

Fe M2Ng -1.23
MoS; Fe M -1.02 Refs.?!
AuCu MOx -1.82 Refs.??
Black B MP3 -0.58 Refs.?®

phosphorus B M:Pg -0.19
MoS; Mo MoS3 ~0.44 Refs.24
C2N B BN -0.25 Refs.®
Graphene Ru MN3 -0.73 Refs.2
LiFeO2(111) Fe M 0.63 Refs.?”
BO-MnO2(VO) Mn M -0.83 Refs.?8
BS-VS2(VS) V M ~0.77 Refs.29
Fe-CeO2(VO) Ce M -0.81 Refs.%
MoSn-SnSz(VS) MoSn M -0.73 Refs.3!
GDY (graphdiyne B / -0.77 Refs.%2

GDY BN / -0.48
CN Fe2 / -0.47 Refs.®3

Co / -0.87
h-BN Mo MN3 -0.35 Refs.3*
ZIF-8 precursor Ni / -0.79 Refs.®

graphene FeMo / -1.79
GY(graphyne) Mn / -0.36 Refs.%
MnO; none / -1.59 Refs.?8

B / -0.83
Re;MnSe Ultrathin nanosheets -0.51 Refs.3’
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Data3. For Section 3.4

Table S8. d-band centers (e4) of TM@BNNCs. The unit is eV.

™™ d-total dxy dyz dx® dxz dz?
Sc 2.94 0.46 2.87 3.59 3.08 3.34
Ti 0.62 0.69 0.35 0.87 0.50 0.66
Vv 0.09 0.02 0.07 0.05 0.09 0.25
Cr -0.01 0.21 -0.28 0.13 -0.07 -0.07
Mn -0.41 -0.26 -0.48 -0.44 -0.48 -0.42
Fe -1.78 -1.72 -1.88 -1.87 -1.75 -1.67
Co -1.38 -1.25 -1.28 -1.52 -1.43 -1.43
Ni -1.67 -1.66 -1.65 -1.97 -1.51 -1.58
Cu -2.45 -2.54 -2.36 -2.85 -2.33 -2.17
Zn -6.11 -5.89 -6.23 -6.22 -6.19 -6.04
Y 2.99 -1.34 2.40 4.16 3.01 3.91
Zr 0.49 —2.66 0.28 1.41 0.59 1.21
Nb -0.44 —2.66 -0.37 -0.01 -0.19 0.19
Mo -0.81 -1.62 -1.06 -0.35 -0.73 -0.47
Tc -1.39 -1.39 -1.65 -1.29 -1.40 -1.23
Ru -1.25 -0.91 -1.58 -1.23 -1.30 -1.22
Rh -1.75 -1.50 -1.91 -1.86 -1.78 -1.69
Pd —2.26 -2.21 -2.25 -2.54 -2.25 -2.06
Lu 2.79 -2.32 2.24 4.48 3.01 3.66
Hf 0.67 -3.86 0.39 1.96 0.81 1.61
Ta -0.68 —4.54 -0.61 0.07 -0.24 0.20
W -0.90 -3.41 -0.91 -0.17 -0.63 -0.35
Re -1.73 -3.60 -1.74 -1.22 -1.40 -1.21
Os -1.96 -2.80 -2.11 -1.41 -1.96 -1.70
Ir -2.12 -2.35 -2.20 -2.15 -1.93 -1.94
Pt -2.49 —2.54 -2.54 —2.77 -2.36 —2.24

S19



Table S9. Global magnetic moment of TM@BNNCs with the local magnetic moment
of TM. The unit is us/A°>.

Element TM@BNNC ™ Element TM@BNNC ™
Sc 0.81 0.01 Ru 0.26 0.05
Ti 0.00 0.00 Rh 1.00 0.59
\Y/ 1.00 0.94 Pd 0.02 0.02
Cr 2.00 2.20 Lu 0.78 0.03
Mn 3.08 3.20 Hf 0.00 0.00
Fe 3.92 3.06 Ta 1.00 0.54
Co 2.90 1.82 w 1.99 1.53
Ni 1.93 0.81 Re 3.00 2.30
Cu 0.89 0.06 Os 2.09 1.44
Zn 0.67 0.03 Ir 1.00 0.63
Y 0.81 0.01 Pt 0.00 0.00
Zr 0.00 0.00
Nb 1.00 0.59
Mo 2.00 1.65
Tc 3.00 2.34
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Table S10. Adsorption energies (eV) of O> and Ho O on TM@BNNC:s.

™ Eads(*oz) Eads(*HZO) ™ Eads(*OZ) Eads(*HZO)
Sc -0.61 —-1.08 Ru -1.63 —0.66
Ti -1.37 -1.40 Rh -0.81 —0.68
\Y -241 -1.15 Pd -0.28 —0.40
Cr -2.02 —1.88 Lu -0.74 —-1.05
Mn -0.90 —-1.34 Hf -1.62 —-1.43
Fe —0.60 —0.76 Ta -3.33 —0.83
Co -0.61 —0.70 W —4.59 —0.87
Ni -0.23 —0.41 Re -3.68 —0.82
Cu —0.06 —0.31 Os —2.27 —0.60
Zn -0.11 —0.64 Ir -0.81 —0.63
Y —0.65 -0.93 Pt -0.29 —0.48
Zr -1.37 —-1.28
Nb -3.08 —0.79
Mo -3.62 —0.88
Tc —2.87 —0.62
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Table S11. Adsorption Gibbs free energies (eV) of reaction intermediates of OOH, O
and OH and overpotentials for ORR/OER on TM@BNNCs. The bold data refer to
TM@BNNCs with competitive catalytic performance for ORR/OER.

ORR-OER
™ AG*OOH AG *O AG *OH 7JORR 1JOER
Sc 3.99 3.51 0.64 0.75 1.64
Ti 3.05 1.85 -0.41 1.64 1.03
\% 2.20 —-0.20 -1.31 2.54 1.49
Cr 2.72 -0.05 —0.76 1.99 1.54
Mn 3.53 0.58 0.16 1.07 1.72
Fe 3.81 1.24 0.77 0.76 1.34
Co 3.67 2.07 0.91 0.32 0.37
Ni 4.63 3.33 1.55 0.94 0.55
Cu 5.20 1.81 2.53 1.95 2.16
Zn 4.88 0.96 1.68 1.95 2.69
Y 3.99 3.58 0.65 0.82 1.70
Zr 2.96 2.09 -0.51 1.74 1.37
Nb 1.36 -0.71 -2.14 3.37 2.33
Mo 0.16 -1.48 -1.71 2.94 3.53
Tc 0.49 -1.48 -1.19 2.42 3.20
Ru 2.08 —0.86 -0.44 1.67 1.71
Rh 3.54 1.25 0.35 0.88 1.06
Pd 4.49 3.24 1.50 0.80 0.51
Lu 3.89 3.50 0.52 0.84 1.75
Hf 2.72 1.94 -0.80 2.03 1.51
Ta 1.09 -0.82 —2.48 3.71 2.60
4 —0.83 —2.41 -2.21 3.44 4.52
Re —0.86 -2.30 -1.62 2.85 4.55
Os 0.91 -1.57 -0.70 2.10 2.78
Ir 3.10 0.61 0.04 1.19 1.26
Pt 4.29 2.82 1.20 0.60 0.39
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Table S12. Summary of Bifunctional catalysts, their supports and overpotentials (V).

CATALYSTS Supports or Comments NORR  TOER Refs.
Au CoN 0.38 0.79 Refs.%®
Pd 0.40 0.71
Cu 051 0.71
Rh 0.67 0.37
Ni 0.71 0.55
Cd 0.81 154
Ag 1.08 112
Pt 1.14 040

Ir 1.14 0.60
Co 117 0.71
Ru 124 0.92
Fe 141 0.83
Cr 145 1.85
Os 146 1.09
Zn 171 153
Mn 181 156
Mo 192 456
Vv 209 3.61
La 239 158
Ta 2.62 5.99
Nb 2.76 555
Ti 2.84 452
Y 2.85 2.02
Sc 294 192
Zr 3.13 4.86
Hf 3.41 5.05
W 3.47 6.01
IrN4 G 0.26 0.30 Refs.*?
Ir pyrrolic-Ns-G 034 0.32  Refs#
Co-Ag MN4-O-MN4 0.35 0.33 Refs. 4!
Co-Cu 035 0.38
Fe-Cu 0.36 0.41
Co-Ni 0.43 0.42
A-1 N-doped graphene nanoribbon ~ 0.45 0.91  Refs.*
A-3 0.55 0.50
Ad-1 1.09 172
A-2 0.63 0.74
Zd-2 0.63 1.21
At-3 1.34 2.00
Z-1 0.67 1.24
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Ad-2 N-doped graphene nanoribbon 0.77 1.07 Refs.*2
Ad-3 0.77 142
Z-2 0.85 0.95
At-1 0.87 1.48
At-4 0.87 1.49
Z-3 0.88 0.96
Zd-1 130 2.02
2gN-1 N-doped graphene nanosheet 0.60 1.02
1gN-1 0.65 0.67
PC 1.03 1.08
1pdN-1 117 1.09
1prN-2 1.30 0.95
3gN-1 1.39 2.08
CoN1 N-doped graphene 0.94 1.68 Refs.*3
CoN2-opp 1.10 1.81
CoNz-pen 098 1.69
CoNz-hex 061 1.36
CoNs 0.63 1.36
CoNy 0.47 0.69
CoN; N-doped graphene 1.08 0.90 Refs.4
CoN: 0.69 0.63
CoNs 053 0.73
CoN4 0.30 041
Ni-Mo2B0: MXenes 0.23 0.54 Refs.*
(001) V4C3 0.89 156 Refs. 46
(110) 398 6.51
(111) 2.84 6.68
(001) VC 111 191
(110) 2.72 5.16
(112) 411 7.66
(001) VsCr 091 155
(110) 2.39 5.68
(111) 2.17 255
Pure M-cementite 0.89 152 Refs.4’
Co dope at Fel 0.85 1.55
Co dope at Fe2 085 1.46
Co dope at Fe3 0.88 1.50
Co dope at Fe4 0.87 150
Co dope at Fe 068 1.12
Mn dope at Fel 1.09 1.93
Ni dope at Fel 0.64 0.78
TiC, MC; 0.66 0.95 Refs.*8
VC; 0.78 0.68
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NbC; MC> 0.66 0.93 Refs.*®

TaC> 037 0.72

MoC> 0.47 0.45
Ni1s5Co15N PF/Ni1sCo1sN 1.18 181 Refs.4

PF/Ni1sCo15N 0.68 1.02
Nb2CO2 Nb2CT, 1.04 0.94 Refs.>°

Nb.CF» 1.01 157

Nb.CO,>—Pd 0.90 0.56

Nb2CO.—Pt 0.72 111

Nb2CF>—Pd 0.78 0.45

Nb2CF>—Pt 0.71 0.52

Nb.CO,-VO-Pd 051 0.46

Nb.CO>-VO-Pt 0.47 0.39

Nb.CF—VF-Pd 0.47 0.88

Nb.CF—VF-Pt 040 0.37
Sc pyridine-4N 352 250 Refs.%!

Ti 2.79 2.10

\/ 238 1.64

Cr 1.20 1.89

Mn 1.08 1.49

Fe 042 0.72

Co 050 0.37

Ni 0.60 0.33

Cu 0.57 0.48

Zn 1.33 0.84

Y 330 246

Zr 252 194

Nb 209 216

Mo 1.23 1.78

Tc 097 149

Ru 0.89 0.45

Rh 0.77 0.36

Pd 164 131

Ag 0.75 0.55

Cd 1.30 0.66

Hf 2.73 2.05

Ta 242 172

W 1.75 2.36

Re 150 2.25

Os 0.68 1.16

Ir 094 0.37

Pt 141 1.21

Au 213 1.99

Sc pyrrole-4N 3.36 244
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Ti

Cr
Mn
Fe
Co
Ni
Cu
Zn

Zr
Nb
Mo
Tc
Ru
Rh
Pd
Ag
Cd
Hf
Ta

Re
Os

Pt
Au

pyrrole-4N

2.72
2.25
0.80
0.59
0.45
0.60
1.47
2.01
2.18
3.57
2.76
1.66
0.65
0.40
0.91
1.69
2.52
2.55
2.43
2.87
2.39
1.40
0.68
0.47
0.60
1.67
2.83

1.80
1.71
1.22
1.20
0.86
0.32
0.85
1.49
1.45
2.81
2.01
2.28
0.96
1.13
0.41
0.91
1.89
1.82
1.77
2.18
1.57
2.29
0.88
0.62
0.29
0.94
2.11

Refs.%1
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Supplementary Figures

*NNH, N *NH

& Hatom v.&u
o N atom

mmm Substrate
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|
*+N,
*NHNH *NHNH, *NH,NH,
i,

Distal
= Alternating ) 4 [ )

Enzymatic

**N **NNH *NHNH **NHNH, **NH,NH,

Fig. S1. Schematic depiction of possible reaction pathways of NRR. Imaginary atomic
configurations of involved intermediates are illustrated. * means adsorption site. ** +
intermediate (N2, NNH, NHNH, etc.) and * + intermediate are for side-on and end-on
adsorption nitrogen fixed pathway respectively. Besides, the first N in *NN means
proximal nitrogen atom, and the second N means distal one.
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Fig. S2. Free-energy diagrams through various mechanisms for NRR on (a) Ir@BNNC,

(b) Tc@BNNC, (c¢) Os@BNNC and (d-f) Re@BNNC at zero and applied potentials,
respectively.
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Fig. S3. The free energy changes of HER on TM@BNNC:s that pass the screening.
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Fig. S4. Density of states (DOS) of TM@BNNCs (TM = Sc, Ti, V, Cr, Mn, Fe, Co, Ni,
Cu, Zn, Y, Zr, Nb, Mo and Tc).

S30



T™ = Pd [
AM

3
ﬁ : Total DOS
9 vw
i
:
H
2 = ] ) x
E-E( (eV) E-E; (eV)
1
15 i TM = Hf 20 TM=Ta
10 i
- 10 i
3 ° [\ ~
2 0| s Total DOS- 0 -— —Q{-‘—-Total-BOS--
3 v w
-5
: VA
~10|
i -20
—15| !
=2 (] 3 ) S S 3
E-E; (eV) E-E/ (eV)
15 i TM=Re [| 15 T TM=0s
.
10 10 10 !
s 5
z TANA 5 ”m M
= 0 \Yaww a wtaat I [NJ\ — Totaipos | o “Total DOS. ]
("]
w
e . s . \/ s
-10| H _10 H -10
-15
-15
B ] 3 a2 p) ) 2 = 0 P 3
E-E/ (eV) E-Er (eV) E-E¢ (eV)
i
10 !
|
1
= 5 H
3
LI
w
o
A -5
~10|
—a =7 x —3 = 0 ] 7
E-E; (eV) E-E; (eV)

Fig. S5. Density of states (DOS) of TM@BNNCs (TM = Ru, Rh, Pd, Lu, Hf, Ta, W, Re,

Os, Ir, and Pt).
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Fig. S6. Projected density of states (PDOS) of d orbitals and corresponding d-band
centers for TM@BNNCs (TM = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo
and Tc).
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Fig. S7. Projected density of states (PDOS) of d orbitals and corresponding d-band
centers for TM@BNNCs (TM = Ru, Rh, Pd, Lu, Hf, Ta, W, Re, Os, Ir, and Pt).
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Fig. S8. d-band centers (gq) of d orbitals for TM@BNNCs (orbitals = d, dxy, dyz, di?, dxz

and d.2).
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TM@BNNC:s during various corresponding NRR pathways.
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AG*N (eV)
Fig. S10. The linear fit between LP and AG*N = G*N — G*. The catalysts are
TM@BNNC:s that pass the screening.
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Fig. S11. (a) Magnetization distribution (spin density) and (b) charge difference
(Charge density) with charge transfer from Os@BNNC to N2 caused by adsorption of
Na.
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Fig. S12. The scatter plot of overpotential of OER with Eags(*H20) for TM@BNNC:s.
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