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Calculation methods
The Gibbs free energy diagrams of OER/HER are calculated using the reversible hydrogen
electrode (RHE) model developed by Nerskov et al..! Taken RHE as the reference electrode,

the chemical potential («) of proton-electron pair is equal to that of half a hydrogen molecule:

1
+ = _
'uH " ,ue i 2'UH2 (1)

P
at conditions with U =0 V and Hy 1 bar.

The free energies (G) of each species are calculated as:

G =Eppr + Ezpg — TS (2)
where the Eppr is the DFT calculated total energy, Ezpg 1s zero-point energy and S is the entropy
at 298 K. Since the exact free energy of OH, O, OOH and H radicals in the electrolyte solution
is difficult to obtain, the adsorption free energy AGoux, AGox, AGoon+ and AGy+ are relative to

the free energy of stoichiometrically appropriate amounts of H,O (/) and H, (g), defined as

follows:
1G
G —
AGou»= Gow= = Go — (120 =2 Hz)
1
EH 0 + _EH
= (Eowr — B« — 27 272 + (Egpp(0*) — Ezps(*) — Ezpp(Hy0) +
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The reaction free energy (AG) of the elementary steps in OER and HER was calculated as:

AG = AEDFT + AEZPE — TAS + AGU + AGpH (7)

where AEpgr is the difference of total energy, AEzpg and AS are the differences in the zero-point

_pH x k5TIn10

energy and the change of entropy, T'is 298.15 K, AGy = —eU and AG,u are the

contributions from the electrode potential (U) and pH value (KB is the Boltzmann constant),

respectively.?? Since O, in the triplet ground state is notoriously poorly described by DFT

computations, the free energy of O, was derived as:

G Guo G

“2a2g)=2 "0 -2 Mg +4.92eV ®)

The reaction free energy of (1)-(4) for OER (at U= 0 V vs. RHE) can be calculated using the

following equations:

AG, = AGoy )

AG, = AGo+— AGoys (10)
AG; = AGoon+ — AGos (11)
AG, = 4.92 eV — AGooys (12)

The theoretical overpotential #7opr Was
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adopted to determine the OER activity, which was obtained based on the reaction free energies
of the four elemental steps as:

noer = Max{AGi, AG,, AG3, AG4}le —1.23 V (13)
The reaction free energy of (5)-(6) for the HER (at U= 0 V vs. RHE) can be calculated using
the following equations:

AGs = AGp= (14)

AGg=— AGysx (15)

For HER, the theoretical exchange current i, was described based on the Norskov’s

assumption:*

1
i,= —epk
’ 1+ exp(lAGH * |/kBT)

(16)
where e is the elementary charge, p is the surface density of active sites which is assumed to be
comparable with that of Pt(111) and the rate constant &, includes all effect relating to the
reorganization of the solvent during the proton transfer to the surface which is assumed to be
independent of the metal atom and taken as 200 s-! site-!. The obtained theoretical io on Pt(111)
is 4.69x10* A cm, agreeing with the experimental value (4.5x10* A cm2).43

To evaluate the bonding strength between the main-group metal atom and the blue-P
substrate, the binding energy E\, is calculated as:

Ey= Envip — Egp — Em (17)

where Egp and E\; are the energy of blue-P substrate (single P vacancy) and isolated one main-
group metal atom calculated by DFT, respectively. Also, to compare the bonding strength of

main-group metal atom in M-BPs and in bulk metal, the cohesive energies in bulk metal (E.,y)

are also calculated:
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Ecn ="M (ull) — £y (18)
where #M (bulk) is the calculated chemical potential of main-group metal atom from the most

stable bulk crystal by DFT.

Computation of the potential-dependent activation barriers

A method developed by Janik et al. was employed to determine the potential-dependent
activation barriers of proton-electron transfer involved in the elementary reactions for the
OER.%# For an inner-sphere electrocatalytic reaction involving a proton-electron transfer, the
transition state for the electrochemical reaction (AH* — A* + H",q) + €7) can be approximated
to be equivalent to that of an analogous non-electrochemical reaction (AH* — A* + H*), at the
equilibrium potential (U° vs. RHE) for the H* oxidative desorption to the bulk electrolyte (A*
+H* - A*+ H'(,q + €).

Therefore, the potential-dependent activation barrier (GACT(U)) for the elementary
electrochemical reaction can be obtained by extrapolating the activation energy (GA¢T(U®)) for
the non-electrochemical dehydrogenation reaction using Bulter-Volmer theory:

GACT(U) = GACT(U®) — FB(U — U°) (19)
where U is the applied electrode potential vs. RHE; F is the Faraday’s constant; B is symmetry

coefficient, which is taken as 0.6 for all steps.’
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Fig. S1. The bond length of M-P in M-BPs (M = Be, Mg, Ca, Al, Ga, In, Ge, Sn, Pd, Sb, and

Bi).

Fig. S2. The charge density difference of M-BPs where yellow and blue respectively represent

the electron depletion and accumulation. The isosurface value is 0.02 e/A3.

S6



Top view

Fig. S4. Top view and side view of BP@Gra vdW heterojunction (Magenta and grey spheres

represent P and C atoms, respectively).

57



(@ g

Gibbs free energy (eV) CA

Fig. S5. (a) Optimized adsorption structures of OH*, O*, OOH*, and H* on pristine BP

(Magenta, red and white spheres represent P, O, and H atoms, respectively). The reaction free
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Fig. S6. Optimized adsorption structures of (a) OH*, (b) O*, and (c) OOH* on Be, Mg, Al, Ga,

and In-BPs.
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Fig. S7. Optimized adsorption structures of (a) OH*, (b) O*, and (c) OOH* on Ge, Sn, Pb, and

Sb-BPs.

Fig. S8. Optimized adsorption structures of H* on M-BPs.
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Fig. S9. AGg+ as a function of (a) AGoy+ and (b) AGy+ on M-BPs.
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Fig. S10. Five possible structures of Sb, Be co-doped BP monolayer.
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Fig. S11. (a) The reaction free energy profile for the OER on Be atom of SbBe-BP at U =0V
vs. RHE. (b) The reaction free energy profile for the HER on Sb atom of SbBe-BP at U=0V

vs. RHE.
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Fig. S12. The two possible OER pathways on (a) Sb-BP and (c¢) SbBe-BP, which include a
water nucleophilic attack (WNA) mechanism via the formation of OOH* and an oxo-oxo
coupling (OOC) mechanism, and (b,d) their corresponding reaction free energy profiles. (Blue,

green, pink, red, and white spheres represent Sb, Be, P, O, and H atoms, respectively).
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Fig. S13. The activation barriers (GACT(U®)) at the equilibrium potentials (U° vs. RHE) for the
four elementary electrochemical steps involved in the OER on Sb-BP. There are three states

from left to right, corresponding to initial, transition, and final state. (Blue, pink, red, and white

spheres represent Sb, P, O, and H atoms, respectively).
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Fig. S14. The activation barriers (GACT(U®)) at the equilibrium potentials (U° vs. RHE) for the

four elementary electrochemical steps involved in the OER on SbBe-BP. There are three states

from left to right, corresponding to initial, transition, and final state. (Blue, green, pink, red, and

white spheres represent Sb, Be, P, O, and H atoms, respectively).
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Fig. S15. The optimized structures of initial state (IS), transition state (TS) and final state (FS)
of the Heyrovsky reaction on (a) Be-BP and (b) SbBe-BP. The reaction free energy profiles of
the Tafel reaction including the activation barriers on (c¢) Be-BP and (d) SbBe-BP, and the
optimized structures of IS, TS and FS are shown in the inset. (Blue, green, pink, red, and white
spheres represent Sb, Be, P, O, and H atoms, respectively). The reaction free energy profiles of
the HER for the Volmer-Tafel route on (e) Be-BP and (f) SbBe-BP at different electrode

potentials.
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Fig. S16. Optimized structures of the 4x4 supercell samples of (a) Be-BP, (b) Sb-BP, and (¢)

SbBe-BP.
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Fig. S17. (a) Optimized adsorption structures of OH*, O*, and OOH* on the 4x4 supercell Sb-
BP. (b) Optimized adsorption structure of H* on the 4x4 supercell Be-BP. (c) Optimized
adsorption structures of OH*, O*, OOH*, and H* on the 4x4 supercell SbBe-BP. (Blue, green,

pink, red, and white spheres represent Sb, Be, P, O, and H atoms, respectively).
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Fig. S18. (a) The reaction free energy profiles for (a) the OER on the 4x4 supercell Sb-BP and

SbBe-BP and (b) the HER on the 4x4 supercell Be-BP and SbBe-BP at U =0 V vs. RHE.
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Fig. S19. Evolution of the total energy per atom and the temperature within 10 ps AIMD
simulation at 500 K for (a) Sb-BP, (b) Be-BP and (c) SbBe-BP. The inset diagrams show the
atomic structure at start and end of the AIMD simulation. (d) Evolution of the total energy per
atom and the temperature within 50 ps AIMD simulation at 500 K for SbBe-BP. The inset
diagrams show that the atomic structure of SbBe-BP remains impeccably unchanged
throughout the S00K AIMD simulation, spanning from 10 ps to 50 ps. (Blue, green, and pink

spheres represent Sb, Be, and P atoms, respectively).
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Fig. S20. Optimized structures of (a) Be-BP@Gra, (b) Sb-BP@Gra, and (¢) SbBe-BP@Gra

(Blue, green, pink, and grey spheres represent Sb, Be, P, and C atoms, respectively).

Fig. S21. Optimized structures of adsorbates ((a) O*, (b) OOH*, (c) OH*, and (d) H*) on Be
atom of Be-BP@Gra (Green, pink, grey, red, and white spheres represent Be, P, C, O, and H

atoms, respectively).
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Fig. S22. Optimized structures of adsorbates ((a) O*, (b) OOH*, (c) OH*, and (d) H*) on Be
atom of SbBe-BP@Gra (Blue, green, pink, grey, red, and white spheres represent Sb, Be, P, C,

O, and H atoms, respectively).
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Fig. S23. (a) The reaction free energy profile for the OER on Be atom of SbBe-BP@Gra at U
=0V vs. RHE. (b) The reaction free energy profile for the HER on Sb atom of SbBe-BP@Gra

at U=0V vs. RHE.
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Fig. S26. Optimized structures of multi-layer BP with different stacking modes.
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Fig. S27. (a) Optimized structure of SbBe-AA BP. (b) Optimized adsorption structures of OH*,
O*, and OOH* on SbBe-AA BP. Optimized adsorption structures of H* on the (c) a P and (d)
B P of Be atom in SbBe-AA BP (Blue, green, pink, red, and white spheres represent Sb, Be, P,

O, and H atoms, respectively).

OH* o* OOH*

Fig. S28. (a) Optimized structure of SbBe-AAA BP. (b) Optimized adsorption structures of
OH*, O*, and OOH* on SbBe-AAA BP. Optimized adsorption structures of H* on the (c) o P
and (d) B P of Be atom in SbBe-AAA BP (Blue, green, pink, red, and white spheres represent

Sb, Be, P, O, and H atoms, respectively).
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Fig. S29. (a) The reaction free energy profiles for the OER on SbBe-AA BP and SbBe-AAA

BP at U=0V vs. RHE. (b) The reaction free energy profiles for the HER on the a P and § P of

Be atom in SbBe-AA BP and SbBe-AAA BPatU=0 YV vs. RHE.

Tables

Table S1. Lattice constants (a X b) of M-BPs (¢ =25 A, o = B =90°, y = 120°). All results are

in unit of A2

Be Mg Ca Al
10.02 x 10.02 10.00 x 10.00 9.92 x9.92 9.92 x9.92
Ga In Ge Sn
10.05 x 10.05 10.18 x 10.18 10.03 x 10.03 10.00 x 10.00
Pb Sb Bi
9.98 x 9.98 10.02 x 10.02 10.04 x 10.04
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Table S2. The bond length of M-P, the atomic radii (Ry,) of M atom, the binding energy (E;)
between M atom and its adjacent P atoms in M-BPs, the cohesive energy (E..,) of M atom in
bulk main-group metal, the Hirshfeld charge (Q,,) of M atom of M-BPs, and the first ionization

energies (/1) of M atom.

M-BP | M-P(A) Ry(A) Ey(eV) Een(eV) Ou(e) I (102kJ mol')
Be 2.14 0.89 -6.20 -3.92 0.26 9.00
Mg 2.55 1.36 -3.79 -1.54 0.57 7.38
Ca 2.96 1.74 -5.10 2.01 0.71 5.90
Al 2.29 1.18 -5.35 -3.46 0.26 5.78
Ga 2.30 1.26 -4.76 2.73 0.24 5.79
In 2.48 1.42 -4.24 238 0.36 5.58
Ge 2.38 1.22 -4.98 -3.63 0.08 7.62
Sn 2.72 1.41 -4.16 -3.03 0.23 7.09
Pb 2.90 1.54 -3.78 -2.60 0.39 7.16
Sb 2.59 1.43 -4.66 281 0.24 8.31
Bi 2.71 1.52 4.11 .47 0.35 7.03

Table S3. The interlayer binding energy (E;g), equilibrium interlayer distance (D) and lattice

constant (a X b) of vdW heterojunctions.

vdW heterojunctions Es (eV) Deq (A) axb (A2
BP@Gra -1.59 3.55 9.86 x 9.86
Be-BP@Gra -1.72 3.51 9.86 x 9.86
Sb-BP@Gra -1.58 3.51 9.86 x 9.86
SbBe-BP@Gra -1.64 3.55 9.86 x 9.86
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Table S4. Values of AGou+, AGo+, AGoop*, and AGy+ on M-BPs.

M-BP AGow+ (€V) AGo+ (eV) AGoon+ (€V) AGy (eV)
Be 0.56 0.53 3.66 -0.19
Mg 0.44 3.46 3.59 1.74
Al -0.87 1.30 2.47 0.26
Ga 0.21 2.36 3.37 0.55
In 0.52 2.77 3.60 0.66
Ge -0.45 1.23 2.79 -0.35
Sn 0.30 2.15 3.53 0.36
Pb 1.19 2.55 4.18 0.91
Sb 1.21 3.54 4.12 1.68
Bi - - - 0.85

Table SS. Reaction free energy of every CPET step and the value of overpotential n for OER

on M-BPs.

M-BP AGq (eV) AG; (eV) AGs3 (eV) AGy (eV) Noer (V)
Be 0.56 -0.03 3.13 1.26 1.90
Mg 0.44 3.02 0.13 1.33 1.79
Al -0.87 2.17 1.17 2.45 1.22
Ga 0.21 2.15 1.01 1.55 0.92
In 0.52 2.25 0.83 1.32 1.02
Ge -0.45 1.68 1.56 2.13 0.90
Sn 0.30 1.85 1.38 1.39 0.62
Pb 1.21 2.33 0.58 0.80 1.10
Sb 1.19 1.36 1.63 0.74 0.40
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Table S6. The interlayer binding energy (Ejg) and the height of Be (hg.) in bare and

intermediate-adsorbed Be-BP@Gra, as well as the variation of E;g (AE;g) induced by

intermediates.

Be-BP@Gra Es (eV) hge (A) AE (eV)

Bare -1.72 0.75 0.00

H*-o P -1.29 0.37 0.43

H*-B P -1.61 0.87 0.11

H*- Be -1.89 0.99 -0.17

O*-Be -1.81 0.78 -0.09

OOH*-Be -1.82 1.06 -0.10

OH*-Be -1.84 1.13 -0.12

Table S7. The interlayer binding energy (E;g) and the height of Be (hg.) in bare and

intermediate-adsorbed SbBe-BP@Gra, as well as the variation of E;g (AE) induced by

intermediates.

SbBe-BP@Gra Es (eV) hge (A) AEs (eV)

Bare -1.64 0.75 0.00

H*-o P -1.29 0.30 0.35

H*-B P -1.55 0.71 0.09

H*- Be -1.83 1.02 -0.19

O*-Be -1.73 0.83 -0.09

OOH*-Be -1.76 1.01 -0.12

OH*-Be -1.78 1.15 -0.14
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Table S8. The interlayer binding energy (Eg), equilibrium interlayer distance (D.q) and lattice

constant (a x b) of bilayer BP with different stacking modes (c =27 A, o.=p = 90°, y = 120°).

stacking modes E (eV) Deq (A) axb (A2
AA -1.09 343 9.87 x 9.87

ABI -0.74 4.08 9.88 x 9.88
ABII -1.07 3.44 9.90 x 9.90
ABIII -0.98 3.62 9.89 x 9.89
ABIV -0.76 4.06 9.88 x 9.88

Table S9. The average interlayer binding energy (Eg), average equilibrium interlayer distance
(D¢g) and lattice constant (a x b) of multi-layer BP with different stacking modes (¢ = 30 A a

=B =90°, y = 120°).

stacking modes Es (eV) Deq (A) axb (A2

AAA -1.14 3.38 9.87 x 9.87

ABA -1.12 3.40 9.90 x 9.90

ABCI -1.12 3.42 9.90 x 9.90

ABCII -0.95 3.75 9.90 x 9.90
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