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The structural coordinate of BPN
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Note S1. Computational Details

The formula for calculating the Gibbs free energy (G) of each intermediate of HER/OER/ORR by
computational hydrogen electrode (CHE) model proposed by Nerskov et al.! The chemical
potential of the H™ + ¢~ pair in aqueous solution is related to that of half of the H, gas molecule at
standard hydrogen electrode (SHE) conditions. According to this method, the G value can be

determined as follows:
AG = AE + AEzpg — TAS + AGu + AGpH (S1)

In this equation, A E is the adsorption energies of the intermediate. AEzp is the zero-point energy

correction, T is the temperature (set to 298.15 K), and AS is the entropy change. The entropies of
gas-phase molecules are looked up in the NIST database,? and the post-processing of energy
corrections (zero-point energy and entropy) for adsorbed species were performed with the help of
VASPKIT code.? AGy is the free energy contribution related to applied potential U, which can be
determined as AGuy =—eU, where e and U represent the number of transferred electrons and applied

electrode potential. AGpH is the correction of H' free energy with concentration,

AGpn = KT % In10 x pH (S2)
Kg represents the Boltzmann constant.
The U value is determined by the equation

U=-AGmax/e (S3)

where AGmax 1s free energy change in potential-determining step. According to the CHE model, U

and pH are 0.
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Note S2. HER:
The HER process involves two proton-coupled electron transfer, and in the acid solution the 2-

electron transfer pathways can be written as the equation S4-S6:

*+ H+ + e — *H (Volmer) (54)

*H+ H++e — * + Ha(g) (Heyrovsky) (53
Or

*H + *H — * + Hy(g) (Tafel) (56)

The * represents a free adsorption site. The free energy diagram for the overall HER process is
normally a three-state one, comprising by an initial-state (H" + ¢°), an intermediate-state of H
adsorbed on the catalyst surface (*H), and a final-state product represented by 4Ho. # In the present
study, extra states of *H» or 2*H adsorption were also considered to take Heyrovsky or Tafel steps
into consideration. Tafel Pathway which is chemical recombination between two surface hydrogen
atoms, more efficient route but requires facile surface diffusion so the atoms can discover one
another at the recombination site. The best HER catalysts feature low barriers for surface hydrogen
diffusion and can therefore take advantage of the kinetically preferred chemical (Tafel)
recombination mechanism.> ¢ On TM@SV-BPN, surface hydrogen diffusion between active sites
requires transfer of the hydrogen substrate between the TM atom and carbon matrix and is likely
to be prohibitively slow. This renders a kinetically efficient Tafel mechanism for HER improbable.
We choose best two catalysts (Mo@SV-BPN and Tc@SV-BPN) to study Tafel route. we find
that there exists a secondary intermediate state between TM-bound surface atomic hydrogen and
the free gaseous H> molecule. This intermediate is based on a Kubas interaction,”>® in which the
H> molecule is associated yet chemisorbed (see below Figure). If binding is sufficiently strong, the
Kubas complex can reduce the kinetic barrier involved in bond breaking and subsequent bond
reformation and introduce a modified Kubas-mediated HER pathway with enhanced efficiency.
The first step involves proton abstraction onto the TM, as usual. However, the next step involves
binding of a second hydrogen atom directly into the Kubas complex, which subsequently desorbs
as molecular H>. Note that this process has beneficial aspects in common with both the Tafel and
the Heyrovsky mechanisms, in that it involves the chemical association of two surface-bound
hydrogen atoms (like the Tafel mechanism), yet does not require surface diffusion because the

process can happen fully on the TM site (like the Heyrovsky mechanism).
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The HER catalytic activity was depicted via calculating the reaction Gibbs free energy of hydrogen
adsorption (AG=p) based on the equation (S7)
AG+y = AE+yq + AEzpe — TAS#y (S7)

where AE+y is the hydrogen adsorption energy, AEzpr refers to the zero-point energy between the
gas-phase hydrogen and adsorbed hydrogen and AS+y is the entropy difference between gas phase
and adsorbed hydrogen. T indicates the room temperature of 298.15 K. Both AEzpg and TAS+x can
be obtained from the calculations of vibrational frequencies.
The theoretical overpotential for HER is defined as

NHER = |AGnl/e (S8)
Where G+ 1s the change of Gibbs free energy for hydrogen adsorption. Standard conditions (pH
=0, T=298.15 K) and applied potential U =0 V vs SHE. A smaller #"R indicates a higher activity

of the electrocatalyst.
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Figure for the Volmer-Kubas reaction pathway of Mo@SV-BPN and Tc@SV-BPN.
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Note S3. The theoretical exchange current io:

The theoretical exchange current ip was calculated using equation.

ek !
0 1+exp(|AG*y|/kpT)

i0=

(89)

Where ko is the rate constant. As there is no experimental data available, ko is set to 1. kg is the

Boltzmann constant (Kg= 1.380 649 x 10723 ] K™!) and T is the temperature (T=298.15 K).

Note S4. OER
The overall reaction of OER in an acidic environment (pH = 0) can be described as.’
2H2O (1) > O2(g) +4H +4e
The following are the four-electron reaction steps for OER processes:
HO () +*—>*OH+H +¢e
*OH— *O+H' +e
HO () +*0 - *O0OH+H" +e  or H>O (1) + *O — *O*OH + H' + ¢~

*OOH —> O2(g) +*+H +¢e

S6

(S10)

(S11)

(S12)

(S13)

(S14)



Where * refers to the catalyst and active adsorption site on the catalyst; (1) and (g) represent the
liquid and gas phases, respectively; and *OH, *O, and *OOH represent the corresponding

adsorbed intermediates.

Note S5. ORR
ORR in the acidic environment could be expressed as'’
02 (g) +4H" +4e — 2H,0 (1) (S15)

The concrete ORR steps in the acidic environment experience two possible reaction mechanisms,
namely associative and dissociative processes. For the associative process, the adsorbed *O: is
firstly hydrogenated to form the *OOH, ORR can be regarded as a reverse reaction of OER,

which occurs at the cathode of the fuel cells and air batteries.

*0y + H' + ¢ — *O0H (S16)
*O0H + H' + ¢ — *O + H,0 (1) (S17)
*0+H' +e¢ — *OH (S18)
*OH + H' + e — * + H0 (1) (S19)

While for the associative process, the adsorbed *O» first decomposes into two *O, and then

every *O will gradually form H>O molecules by hydrogenation.

*0y — 2*0 (S20)

250 + H' + e — *OH + *O (S21)
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*OH+*0+ H'+e¢ — *0O + H0 (1) (S22)
*O+H" +e — *OH (S23)
*OH+ H +e — *+Hx0 (1) (S24)
During the two-electron pathway, ORR in the acidic environment could be expressed as
O2+2H" +2e¢ — H20; (S25)
Note S6. Adsorption energy calculations for OER/ORR

These adsorption energies of intermediates can be calculated according to equation (S26) - (S29):

AG+on = Gron — G+ — Gmo + 1/2Gnz (S26)
AG+o0 = G+0 — G+ — G20 + G2 (S27)
AG+oon = Grxoon — G* — 2Gmzo + 3/2Gn2 (S28)
AG+o*on = G+o*on — G+ — 2Gmo + 3/2Gm2 (S29)

Where GG+on, G+o and G+oon are the Gibbs free energies of *OH, *O and *OOH, H>O and Ha,
respectively. To calculate the Gibbs reaction free energy change (AG) for each individual step, the
experimental reaction energy of equation 4.92 eV is taken into consideration to calculate the free
energy of O gas. The energy of the (H" + ¢") pair can be replaced by half of the H, molecule at

298.15 K.

The Gibbs free energy change can be written as

AG1 = AG+on (S30)
AG> = AG+o — AG*on (S31)
AG3 = AG+oon — AG+o (S32)
AG4=4.92 — AG+oon (833)

ORR is reversible pathway of OER, hence the four e~ pathway can be obtained as

AGs =—AGy (S34)
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AGe =— AG3 (S35)
AGr=—-AG> (S36)
AGs =— AG (S37)

The overpotential for the OER and ORR pathways can be obtained using the relation.

Note S7. Theoretical Overpotential Calculation for OER/ORR

The theoretical overpotential of OER (#°FR) is used to assess the activity of the catalysts, which

is obtained by

n°R =max{G1, G2, G3, and Ga}/e — 1.23 (838)

Since the ORR and OER are inverse reactions to each other, the overpotential of the ORR (°%R)

can be expressed as

nOR*R = max {Gs, Gs, G7, and Gs}/e + 1.23 (S39)
Lower the overpotential better catalytic activity.
Note S8. d-band Center

The value of the d-band center of the embedded single metal atoms on @SV—-BPN can be

calculated by using the following equation

2, epade
ffw pade

€q = (S40)

Where pq4 and € are the projected density of states of d orbital of TM atoms and the energy width

of the TM-d orbitals, respectively.
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Figure S1. a) 2 x2 optimized biphenylene. b) before and after optimized single vacancy of C; and

c) Ca.
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Figure S2. C; defective biphenylene, d1, d2, d3 and d4 represents distance between transition

mental and carbon atoms.
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Table S1. Adsorption energy of reaction intermediates using with and without dispersion

correction on Pd@SV—BPN catalyst.

G Gon G+o G+oon
DFT 0.30 0.16 1.82 3.31
DFT-D3 0.26 0.16 1.82 3.31

Table S2. The defective C; and/or C; biphenylene vacancy formation energies (AE,y) 2%2 and

3%3 unit cell.

surface 2X2 3X3
C1-SV-BPN 5.029 4.714
C>-SV-BPN 6.543 6.152
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Table S3. The bond length between TM atom and SV-BPN substrate (drm-d1, dtm-d2, dtv-a3 and

drm-d4, with a unit of A).

dr™M-a1 dr™m-a2 dr™m-d3 dr™-a4 Average

Sc 2.03 2.68 (/) 2.23 2.28 2.18 (2.0811)
Ti 1.97 2.54 (/) 2.16 2.20 2.11 (1.9312)

\% 1.89 1.85 1.90 2.91 (/) 1.88 (1.881)
Cr 1.87 1.86 1.86 2.86 (/) 1.86 (1.85'")
Mn 1.93 2.78 (/) 2.18 2.16 2.09 (1.831)
Fe 1.76 1.76 1.78 2.80 (/) 1.77 (1.76")
Co 1.76 1.78 1.78 2.77 () 1.77 (1.76'"
Ni 1.78 1.87 1.79 2.70 (/) 1.81 (1.81'2)
Cu 1.90 2.79 (/) 2.20 2.12 2.07 (1.9211)
Zn 2.03 3.00 (/) 2.63 (/) 2.64 (/)

Y 2.15 2.74 (/) 2.36 242 2.31 (2.19)
Zr 2.09 2.69 (/) 221 2.33 2.21 (2.051)
Nb 2.00 227 2.23 2.87 (/) 2.0 (1.99'3)
Mo 1.98 1.95 1.97 2.96 (/) 1.96 (1.98'%)
Te 1.91 1.90 1.93 2.93 (/) 1.91 (1.891)
Ru 1.88 1.89 1.90 2.89 (/) 1.89 (1.881)
Rh 1.88 1.93 1.90 2.84 (/) 1.90 (1.9013)
Pd 1.92 2.02 1.92 2.78 (/) 1.95 (1.95'4)
Ag 2.11 3.19 (/) 2.89 (/) 2.85 (/) 2.11 (2.05'5)
Cd 2.32(/) 3.40 (/) 3.13 (/) 3.10 (/)

Hf 2.06 2.83 (/) 2.22 2.28 2.19 (2.02'%)
Ta 1.99 1.94 1.99 3.00 (/) 1.97 (1.9616)
W 1.95 1.93 1.95 2.95 (/) 1.95 (1.9416)
Re 1.91 1.91 1.92 2.93 (/) 1.92 (1.91')
Os 1.90 1.90 1.90 2.90 (/) 1.90 (1.89'%)
Ir 1.89 1.93 1.90 2.86 (/) 1.91 (1.90'6)
Pt 1.91 2.01 1.91 2.80 (/) 1.94 (1.9411)
Au 1.98 3.21(/)) 3.07 (/) 3.11 (/) 1.98 (2.09')
Hg 3.53 (/) 3.82 (/) 3.68 (/) 3.84 (/)

(/) represents there is no bond formation between TM and respected C (substrate) atoms.
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Table S4. The formation (AEfm), binding energies (AEbind) of TM atoms doped on SV@BPN,

cohesive energies (AEcon) of TM atoms in bulk, charge transfer (¢’) between TM atoms and

SV@BPN and ¢..

Catalysts Eform Evina Econ Charge (¢) &d
Sc@SV-BPN -0.70 -4.80 -4.10 -1.92 0.70
Ti@SV-BPN 0.66 -4.57 -5.23 -1.71 -0.00
V@SV-BPN -0.89 -6.09 -5.20 -1.75 -0.35
Cr@SV-BPN -0.79 -4.86 -4.06 -1.42 -0.94
Mn@SV-BPN 0.78 -2.96 -3.74 -1.07 -2.69
Fe@SV-BPN -0.90 -5.79 -4.89 -1.05 -1.55
Co@SV-BPN -1.13 -6.29 -5.16 -0.75 -1.76
Ni@SV-BPN -0.54 -5.51 -4.97 -0.73 -2.67
Cu@SV-BPN 0.76 -2.67 -3.43 -0.54 -2.37
Zn@SV-BPN 0.60 -0.59 -1.20 -0.45 -6.36
Y@SV-BPN -0.65 -4.73 -4.07 -1.53 1.07
Zr@SV-BPN 0.74 -5.63 -6.36 -1.48 0.44
Nb@SV-BPN 2.20 -5.73 -7.93 -1.03 -0.38
Mo@SV-BPN 0.41 -5.95 -6.36 -2.27 -1.26
Tc@SV-BPN 0.08 -6.82 -6.90 -1.69 -1.60
Ru@SV-BPN -0.72 -7.39 -6.67 -0.98 -1.71
Rh@SV-BPN -1.14 -6.97 -5.83 -0.70 -2.63
Pd@SV-BPN -0.14 -3.89 -3.75 -0.52 -4.04
Ag@SV-BPN 0.23 -1.67 -1.90 -0.33 -3.76
Cd@SV-BPN 0.35 -0.29 -0.65 -0.34 -7.82
Hf@SV-BPN 1.18 -5.59 -6.77 -2.56 0.09
Ta@SV-BPN 0.07 -8.00 -8.07 -3.15 -0.92
W@SV-BPN 1.19 -8.46 -9.65 -3.07 -1.38
Re@SV-BPN 1.01 -8.58 -9.58 -2.25 -1.56
Os@SV-BPN 0.24 -8.02 -8.26 -1.44 -1.75
Ir@SV-BPN -0.62 -7.83 -7.21 -0.79 -2.75
Pt@SV-BPN -0.36 -5.87 -5.51 -0.48 -4.06
Au@SV-BPN 0.07 -2.30 -2.36 -0.07 -3.25
Hg@SV-BPN 0.14 -0.02 -0.16 -0.01 -5.16
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Table S5. The adsorption energy of AG+n on TM@SV-BPN catalysts (unit in eV).

Catalyst AG+H (eV) drvn (A)
Pt (111) 0.09 /

V@SV-BPN 0.14 1.68
Cr@SV-BPN 0.35 1.65
Mn@SV-BPN 20.11 1.61
Fe@SV-BPN 0.16 1.54
Co@SV-BPN 0.45 1.56
Ni@SV-BPN 0.33 1.52
Cu@SV-BPN 0.48 1.51
Mo@SV-BPN 0.006 1.78
Tc@SV-BPN -0.01 1.71
Ru@SV-BPN 0.17 1.67
Rh@SV-BPN 0.47 1.68
Pd@SV-BPN 0.30 1.65
Ag@SV-BPN 0.69 1.64
W@SV-BPN -0.47 1.77
Re@SV-BPN -0.51 1.73
Os@SV-BPN -0.36 1.68
Ir@SV-BPN -0.17 1.68
Pt@SV-BPN -0.16 1.65
Au@SV-BPN 0.15 1.62
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Table S6. The adsorption energies of *OH, *O and *OOH (AG+on, AG+o and AG*oon) on

TM@SV-BPN catalysts (unit in eV).

Catalysts AG+ou (eV) AG+o (eV) AG+oon (eV)

V@SV-BPN -1.04 -0.46 2.05
Cr@SV-BPN -0.67 0.09 2.55
Mn@SV-BPN -0.89 -0.04 221
Fe@SV-BPN -0.38 0.72 2.79
Co@SV-BPN -0.17 1.19 3.12
Ni@SV-BPN -0.05 1.44 3.14
Cu@SV-BPN 0.10 2.25 3.30
Mo@SV-BPN -0.93 -0.48 2.30
Tc@SV-BPN -0.70 -0.40 2.58
Ru@SV-BPN -0.21 0.91 2.97
Rh@SV-BPN 0.11 1.44 3.33
Pd@SV-BPN 0.16 1.82 3.31
Ag@SV-BPN 0.77 3.11 3.67
W@SV-BPN -1.32 -1.18 1.84
Re@SV-BPN -1.06 -0.77 2.30
Os@SV-BPN -0.74 0.19 2.38
Ir@SV-BPN -0.41 0.61 2.89
Pt@SV-BPN -0.10 0.91 3.03
Au@SV-BPN 0.32 2.36 3.52
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Table S7. The free energy change of each OER elementary step on TM@SV—-BPN, described as

AG1, AG2, AG; and AGy, the ORR free energy change can be described as -AGj4, -AG3, -AG», and

-AG1, unit of eV.

Catalysts AG1(eV) | AG2(eV) | AG3(eV) | AG4(eV) | AGs(eV) | AGs(eV) | AG7(eV) | AGs(eV)
V@SV-BPN -1.04 0.58 2.52 2.87 -2.87 -2.52 -0.58 1.04
Cr@SV—-BPN -0.67 0.76 2.46 2.37 -2.37 -2.46 -0.76 0.67
Mn@SV-BPN -0.89 0.85 2.25 2.71 -2.71 -2.25 -0.85 0.89
Fe@SV—BPN -0.38 1.10 2.07 2.13 -2.13 -2.07 -1.10 0.38
Co@SV—BPN -0.17 1.36 1.93 1.80 -1.80 -1.93 -1.36 0.17
Ni@SV—BPN -0.05 1.48 1.71 1.78 -1.78 -1.71 -1.48 0.05
Cu@SV—-BPN 0.10 2.15 1.05 1.62 -1.62 -1.05 -2.15 -0.10
Mo@SV—-BPN -0.93 0.45 2.78 2.62 -2.62 -2.78 -0.45 0.93
Tc@SV—BPN -0.70 0.30 2.98 2.34 -2.34 -2.98 -0.30 0.70
Ru@SV—BPN -0.21 1.13 2.05 1.95 -1.95 -2.05 -1.13 0.21
Rh@SV-BPN 0.11 1.33 1.88 1.59 -1.59 -1.88 -1.33 -0.11
Pd@SV—BPN 0.16 1.66 1.49 1.61 -1.61 -1.49 -1.66 -0.16
Ag@SV—-BPN 0.77 2.34 0.56 1.25 -1.25 -0.56 -2.34 -0.77
W@SV-BPN -1.32 0.14 3.02 3.08 -3.08 -3.02 -0.14 1.32
Re@SV—BPN -1.06 0.29 3.07 2.62 -2.62 -3.07 -0.29 1.06
Os@SV—-BPN -0.74 0.93 2.19 2.54 -2.54 -2.19 -0.93 0.74
Ir@SV—BPN -0.41 1.02 2.27 2.03 -2.03 -2.27 -1.02 0.41
Pt@SV—-BPN -0.10 1.01 2.13 1.89 -1.89 -2.13 -1.01 0.10
Au@SV—BPN 0.32 2.04 1.16 1.40 -1.40 -1.16 -2.04 -0.32
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Table S8. Theoretical over-potentials for OER (#°ER) and ORR (#°*}) on TM@SV-BPN

catalysts.
RDS
Catalysts 7R (V) 7ORR (V)
OER ORR
V@SV-BPN AGq AGg 1.64 2.27
Cr@SV-BPN AG3 AGgs 1.23 1.90
Mn@SV-BPN AGy AGgs 1.48 2.12
Fe@SV-BPN AGy AGgs 0.90 1.61
Co@SV-BPN AG3 AGg 0.70 1.40
Ni@SV-BPN AGy AGgs 0.55 1.28
Cu@SV-BPN AG; AGgs 0.92 1.13
Mo@SV-BPN AG3 AGg 1.55 2.16
Tec@SV-BPN AG3 AGgs 1.75 1.93
Ru@SV-BPN AG3 AGgs 0.82 1.44
Rh@SV-BPN AG3 AGg 0.65 1.12
Pd@wSV-BPN AG> AGgs 0.43 1.07
Ag@SV-BPN AG: AGs 111 0.67
W@SV-BPN AGy AGg 1.79 2.55
Re@SV-BPN AG3 AGgs 1.84 2.29
Os@SV-BPN AGy AGg 1.31 1.97
Ir@SV-BPN AG3 AGgs 1.04 1.64
Pt@SV-BPN AG3 AGg 0.90 1.33
Au@SV-BPN AG» AGs 0.81 0.91
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Table S9. Computed results with solvent effect for OER/ORR on Co@, Rh@, and Ir@SV-BPN

catalysts, unit eV.

Catalysts AGion | AGwo | AGwoon | AGr | AG, | AGy | AG: | AGs | AGs | AG, | AGs W(EET'SW%IRR WOE,PFT”ORR nlggfefeggfk
Co@SV-BPN | 020 | 1.03 | 300 | 020 | 123 | 198 | 192 | -1.92 | -1.98 | -1.23 | 020 | 075 | 143 | 0.70 | 1.40 | 0.04 | 0.03
Rh@SV-BPN | 008 | 132 | 321 | 008 | 124 | 190 | 1.71 | -1.71 | -1.90 | -1.24 | -0.08 | 0.67 | 1.15 | 0.65 | 1.12 | 0.01 | 0.03
Ir@SV-BPN | -048 | 041 | 274 | 048 | 089 | 233 | 2.18 | -2.18 | 2.33 | 0.89 | 048 | 1.10 | 1.71 | 1.04 | 1.64 | 0.06 | 0.08
Table S10. The magnetic moment (DFT and DFT+ U) with unit ps.
Magnetic Magnetic Magnetic
Catalysts  ppr T pproy | CMYSS Fopr Tppreu | Y ToEr | pRTHRU
Sc@SV-
BPN 0.00 0.00 Y@SV-BPN | 0.00 / Hfgls\IV- 0.00 /
(U=2.90)
. Ta@SV-
T(I?ZSXA;OBII;)N 0.90 | 1.87 ZrB@%%V' 0.00 / BPN 045 | 049
: (U=2.00"7)
Nb@SV- W@SV-
V(g:SZV;ISII%\I 0.80 1.26 BPN 1.98 2.28 BPN 0.29 1.85
: (U=2.10"7) (U=2.20"7)
Cr@SV- Mo@SV- Re@SV-
BPN 2.01 241 BPN 1.50 1.92 BPN 0.97 0.97
(U=3.50"7) (U=2.40"7) (U=2.40"7)
Mn@SV- Tc@SV- Os@SV-
BPN 3.62 451 BPN 1.02 1.83 BPN 0.00 0.00
(U=4.00'7) (U=2.70'7) (U=2.60"7)
Fe@SV- Ru@SV-
BPN 0.00 | 1.07 BPN 0.00 | 0.0 Ifgf;g]g}g“ 021 | 000
(U=4.60"7) (U=3.00"7) :
Co@SV- Rh@SV-
BPN 0.02 | 0.00 BPN 0.12 | 0.00 PE%@E;/O'OBE;\I 0.00 | 0.00
(U=5.00"7) (U=3.30"7) :
Ni@SV- Pd@SV- Au@SV-
BPN 0.00 0.00 BPN 0.00 0.00 BPN 0.00 0.00
(U=5.10"7) (U=3.60'7) (U=4.00)
Cu@SV- Ag@SV-
BPN 0.00 0.00 BPN 0.00 0.00 H%%EV— 0.84 /
(U=4.00'7) (U=5.80)
Zn@SV- Cd@SV-
BPN 0.45 0.41 BPN 0.46 0.46
(U=7.50"7) (U=2.10")
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Table S11. Computed results of OER/ORR on selected catalysts (TM@SV—-BPN). AG+on, AG+o,

AG+oon, AG1, AG2, AGs, AGs, AGs, AGs, AG7, and AGs, unit eV. #°FR and #ORR, unit V.

Catalysts AGeon | AGwo | AGwon | AG: | AG, | AGy | AGs | AGs | AGs | AG, | AG; ncgf T +11[§RR WOERDTT”ORR ”?Einferen;SRR
V@SV-BPN | -1.02 | -0.01 | 244 | -1.02 | 1.00 | 245 | 248 | -248 | 2.45 | -1.00 | 1.02 | 125 | 225 | 1.64 | 227 | -039 | -0.02
Cr@SV-BPN | 043 | 1.04 | 282 |-043 | 147 | 178 | 210 | -2.10 | -1.78 | -1.47 | 043 | 087 | 1.66 | 123 | 190 | -0.36 | -0.24
Mn@SV-BPN | -0.78 | 1.00 | 262 | -078 | 1.78 | 1.62 | 230 | 230 | -1.62 | -1.78 | 078 | 1.07 | 2.01 | 148 | 2.12 | -0.41 | -0.11
Fe@SV-BPN | 0.00 | 102 | 331 | 000 | 103 | 229 | 1.61 | -1.61 | 229 | -1.03 | 0.00 | 1.06 | 123 | 090 | 161 | 0.16 | -0.38
Co@SV-BPN | 002 | 153 | 333 | 002 | 1.51 | 181 | 159 | -1.59 | -1.81 | -1.51 | <002 | 0.58 | 121 | 070 | 1.40 | -0.12 | -0.19
Ni@SV-BPN | 002 | 172 | 319 | 002 | 169 | 147 | 173 | -1.73 | -1.47 | -1.69 | -0.02 | 0.50 | 121 | 055 | 128 | -0.05 | -0.07
Cu@SV-BPN | 032 | 251 | 344 | 032 | 220 | 093 | 148 | -148 | -093 | 220 | -032 | 097 | 091 | 092 | 1.13 | 005 | -0.22
Mo@SV-BPN | -090 | -0.19 | 251 | 090 | 071 | 270 | 241 | 241 | 270 | -0.71 | 090 | 147 | 213 | 155 | 2.16 | -0.08 | -0.03
Tc@SV-BPN | -0.64 | 001 | 264 | -0.64 | 065 | 2.63 | 228 | 2.28 | 2.63 | -0.65 | 0.64 | 140 | 187 | 175 | 193 | -035 | -0.06
Ru@SV-BPN | -0.16 | 1.00 | 299 | -0.16 | 1.17 | 198 | 193 | -1.93 | -1.98 | -1.17 | 0.16 | 075 | 139 | 082 | 1.44 | -0.07 | -0.05
Rh@SV-BPN | 038 | 170 | 355 | 038 | 133 | 1.84 | 137 | -137 | -1.84 | -1.33 | -038 | 0.61 | 085 | 065 | 112 | -0.04 | -0.27
PA@SV-BPN | 032 | 2.17 | 344 | 032 | 1.85 | 127 | 148 | -1.48 | -127 | -1.85 | -032 | 0.62 | 0.91 | 043 | 107 | 0.19 | -0.16
Ag@SV-BPN | 105 | 350 | 384 | 105 | 245 | 034 | 108 | -1.08 | -034 | -2.45 | -1.05 | 122 | 089 | .11 | 067 | 011 | 022
F@SV-BPN | -0.19 | 085 | 3.08 | -0.19 | 103 | 223 | 184 | -1.84 | 223 | -1.03 | 0.19 | 1.00 | 142 | 104 | 1.64 | -0.04 | -022
Pt@SV-BPN | 008 | 120 | 3.3 | 008 | 1.12 | 193 | 179 | -1.79 | -1.93 | -1.12 | -0.08 | 0.70 | 1.15 | 0.90 | 133 | -0.20 | -0.18
Au@SV-BPN | 055 | 269 | 3.67 | 055 | 214 | 098 | 125 | -1.25 | -0.98 | -2.14 | -0.55 | 091 | 0.68 | 0.81 | 091 | 0.10 | -0.23
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Table S12. Bifunctional over-potential for water-splitting (W—#2") and metal-air batteries (M—

7B, unit in V.

Catalysts yHER §OER §yORR WoyBi M-y
V@SV-BPN 0.14 1.64 2.27 1.78 391
Cr@SV-BPN 0.35 1.23 1.90 1.58 3.13
Mn@SV-BPN 0.11 1.48 2.12 1.59 3.60
Fe@SV-BPN 0.16 0.90 1.61 1.06 2.51
Co@SV-BPN 0.45 0.70 1.40 1.15 2.10
Ni@SV-BPN 0.33 0.55 1.28 0.87 1.82
Cu@SV-BPN 0.48 0.92 1.13 1.40 2.04
Mo@SV-BPN 0.006 1.55 2.16 1.56 3.71
Tec@SV-BPN 0.01 1.75 1.93 1.76 3.68
Ru@SV-BPN 0.17 0.82 1.44 0.99 2.27
Rh@SV-BPN 0.47 0.65 1.12 1.12 1.77
Pd@SV-BPN 0.30 0.43 1.07 0.73 1.50
Ag@SV-BPN 0.69 1.11 0.67 1.81 1.79
W@SV-BPN 0.47 1.79 2.55 2.25 4.33
Re@SV-BPN 0.51 1.84 2.29 2.34 4.13
Os@SV-BPN 0.36 1.31 1.97 1.67 3.28
Ir@SV-BPN 0.17 1.04 1.64 1.21 2.68
Pt@SV-BPN 0.16 0.90 1.33 1.05 2.22
Au@SV-BPN 0.15 0.81 0.91 0.97 1.72
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Table S13. Element (£), atomic number (Z), relative atomic mass (M), electron affinity (EA), first

ionization energy (£1), electronegativity (X), electron number of the d orbital (Ne), atomic radius

(rd), charge transfer (Qe), d-band center (&4), binding energy (Evind), and formation energy (Eform).

E z M EA Ei X Ne rd Qe &4 Egina Erorm
v 23 51 0.524 6.746 1.63 3 1.79 -1.75 -0.35 -6.09 -0.89
Cr 24 52 0.666 6.767 1.66 5 1.89 -1.41 -0.93 -4.86 -0.79
Mn 25 55 0 7.434 1.55 5 1.97 -1.06 -2.68 -2.96 0.78
Fe 26 56 0.163 7.903 1.83 6 1.94 -1.05 -1.55 -5.79 -0.9
Co 27 59 0.66 7.881 1.88 7 1.92 -0.75 -1.75 -6.29 -1.13
Ni 28 59 1.16 7.64 1.91 8 1.63 -0.73 -2.66 -5.51 -0.54
Cu 29 64 1.227 7.727 1.9 10 1.4 -0.54 -2.36 -2.67 0.76
Mo 42 96 0.745 7.092 2.16 5 2.09 -2.26 -1.26 -5.95 0.41
Te 43 98 0.55 7.28 1.9 5 2.09 -1.69 -1.59 -6.82 0.08
Ru 44 101 1.05 7.361 22 7 2.07 -0.97 -1.71 -7.39 -0.71
Rh 45 103 1.137 7.459 2.28 8 1.95 -0.7 -2.63 -6.97 -1.14
Pd 46 106 0.557 8.337 22 10 2.02 -0.51 -4.04 -3.89 -0.14
Ag 47 108 1.302 7.576 1.93 10 1.72 -0.32 -3.76 -1.67 0.23
W 74 184 0.815 7.98 2.36 4 2.1 -3.07 -1.37 -8.46 1.19
Re 75 186 0.15 7.88 1.9 5 2.17 -2.25 -1.55 -8.57 1

Os 76 190 1.1 8.71 22 6 2.16 -1.43 -1.75 -8.02 0.24
Ir 77 192 1.57 9.12 22 7 2.02 -0.79 -2.75 -7.82 -0.62
Pt 78 195 2.128 9.02 228 9 2.09 -0.48 -4.05 -5.87 -0.36
Au 79 197 2.309 9.225 2.54 10 1.66 -0.07 -3.25 -2.29 0.07
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Table S14. Evaluated R>, MAE, and RMSE metrics to predict AG+on, AG+o and AG+oon for test

and train data.

R? MAE RMSE
Test 1.00 0.00 0.00
AG+0oH
Train 0.85 0.17 0.20
Test 1.00 0.00 0.00
AG+o
Train 0.99 0.10 0.12
Test 1.00 0.00 0.00
AG+00H
Train 0.79 0.22 0.25
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