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1. Computational details

1.1 Reaction mechanisms of nitrogen reduction into ammonia

The reactions of each possible reduction mechanisms are taken into consideration, the reactions

for NRR are as below:
For enzymatic:
*+N,—*N-*N
*N-*N+H"+e' —>*N-*NH
*N-*NH+H"+e'—*NH-*NH
*NH-*NH+H"+e —*NH-*NH,
*NH-*NHp+H"+e'—*NHp-*NH,
*NH-*NH,+H "+ —*NH,-*NH,3
*NHp-*NHg+H +e"—>*NHz+NH;
*NHz—*+NHj
For consecutive:
*+N,—*N-*N
*N-*N+H"+e' —>*N-*NH
*N-*NH+H"+e'—>*N-*NH,
*N-*NH +H"+e'—>*N+NH;
*N+H"+e'—*NH
*NH+H"+e —*NH,
*NH +H"+e —*NH;
*NHz—*+NHj
For alternating:
*+N,—*N-N
*N-N+H"+e'—*N-NH
*N-NH+H"+e —*NH-NH
*NH-NH+H"+e' —>*NH-NH,
*NH-NH+H"+e'—>*NH,-NH,
*NH-NH +H"+e'—>*NH,+NH;
*NH +H™+e —*NH,
*NHz—*+NHj
For distal:
*+Np,—*N-N
*N-N+H"+e'—*N-NH
*N-NH+H"+e —*N-NH,
*N-NH,+H"+e —*N+NHj
*N+H"+e —*NH
*NH+H"+e —*NH,
*NH +H'+e —*NH;
*NHz—*+NHj

1.2 Reaction Gibbs free energy (AG) of each elemental step of NRR
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The calculations of the reaction Gibbs free energy (AG) of each elemental step was based on the



computational hydrogen electrode model proposed by Nerskov and coauthors.™? which can be
calculated by:

AG:AEDFT+AEZPE — TAS+eU+AGpH (822)

where AEpgr is the adsorption energy of a specific step. AEzpe and AS are the difference of
zero point energy and the difference of entropy between the adsorbed state and the free-standing
state, respectively, which are referenced the latest works about NRR.** The calculated values of
zero point energy and the entropy are derived from the previous work.? T is the room temperature,
which is equal to 298K. eU is the contributions from the electrode potential. AGy is the
contributions of pH, which can be defined as AGpH:-kBTIn[H+]:pH><kBIn10. The pH will not
change the overpotential and thus only the pH = 0 is considered in this work. The adsorption
energy (AEpgt) of different intermediates is calculated by

AEDFT:EtotaI - (EcataI+Eadsorp) (823)
where Eiy and Ecq are the total energies of the slab with and without intermediates. Eggsorp

is the total energy of an isolate intermediate, such as N, and *NH. The #onset IS determined by the
potential limiting steps (PLS), corresponding to the most positive reaction Gibbs free energy
(AGmax), and can be calculated by: Ugneer = -AGmax/e. Therefore, the calculated overpotential 7ngr
can be computed via 7nrr = Uequilirium~Uonset. Therefore, the overpotential under a given pH ()
will be:

INRR = Uequitibrium=Uonset= Uequitibrium(pr=0)~Uonset(pr=0)= AGmax/e (S24)
1.3 Formation energy of B doped B,P and B.P
The formation energy of B doped B\P and B.P can be obtained through:

E~E@-sr)tE@)-E@r)-Ee) (S25)

where Eg.gpy and Egp) are the total energy of Boron (B) doped Black P (or Blue P). Epyand Eg,
are the total energies of B and P, which are evaluated referring to its bulk ground states.
1.4 Exfoliation energy of bulk B|P and B.P into 2D B,P and B¢P

For B,P, the exfoliation energy can be obtained via eq (S26)

Ex={Eg,p.pui-2Epp}/4S (S26)
where Egpp,, and Egp are the total energies of multilayer B/P bulk, monolayer BP,
respectively.® The surface area of S=ab, and where a is the lattice parameter of B,P. Here, each
unit of B|P will be exfoliated into two B\P monolayers with generating 4 surfaces. The eq (S26) is

the same with calculating the exfoliation energy of B¢P, but the surface area of S=v/3a%/2, a is the

lattice parameter of B¢P.



2. Figures and Tables
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Figure S1. Band structure of B|P, B.P, B doped B,P and B doped B.P.
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Figure S2. Atomic configurations of B.P after AIMD simulations under 300K (a) Ops side view,
(b) O ps top view, (c) 6 ps side view, (d) 6 ps top view, and atomic configurations of B.P after
AIMD simulations under 300K B doped B.P, () Ops side view, (f) 0 ps top view, (g) 12 ps side
view, (h) 12 ps top view. The simulation is run under 300 K for 6ps for B.P and 12 ps for B-B,P

with a time step of 2 fs.
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Figure S3. Reaction Gibbs free energy diagrams of NRR on B-B\P at different B doping
concentration, (a) B,P14 via alternating mechanism, (b) B3P.3 via alternating mechanism, (c) B4P1»
via consecutive mechanism at applied potential U=0 V. Overpotential of NRR of B-B\P at
different B doping B,P concentration.
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Figure S4. Atomic configurations of B.P after AIMD simulations under (a) 500K and (b) 800 K.
The simulation is run for 6 ps with a time step of 2 fs.
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Figure S5. Reaction Gibbs free energy diagrams of NRR on B,P through (a) enzymatic, (b)
consecutive, (c) alternating, and (d) distal mechanisms at applied potential U=0 V.
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Figure S6. Reaction Gibbs free energy diagrams of NRR on B.P through (a) enzymatic, (b)
consecutive, (c) alternating, and (d) distal mechanisms at applied potential U=0 V.
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Figure S7. Reaction Gibbs free energy diagrams of NRR on B-B.P through (a) enzymatic, (b)
consecutive, (d) alternating, and (e) distal mechanisms at applied potential U=0 V, as well as the
corresponding structures of the reaction intermediates (c) side-on and (d) end-on configurations.
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Figure S8. Reaction Gibbs free energy diagrams of NRR on B-B\P with different B dopants
concentration, (a) B,P14 Via alternating mechanism, (b) B3P13 via alternating mechanism, (c) B4P1,
via consecutive mechanism at applied potential U=0 V, and (d) overpotential of NRR
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Figure S9. Oxidation styles for O formed surface terminal, (a) O locates in the bridge sites, (b) O
locates in the bridge and top sites, (c) O locates in the hollow sites, (d) O locates in the hollow and
bridge sites, (e) O locates in the top sites, and (f) O locates in the top and hollow sites of B¢P; (g)
O locates in the bridge sites, (h) O locates in the bridge and top sites, (i) O locates in the hollow
sites, (j) O locates in the hollow and bridge sites, (k) O locates in the top sites, and (I) O locates in
the top and hollow sites of B|P.
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Figure S10. (a) DOSs of O*-B/P, (b) O p-DOS of O*-B/P, (¢) O p-DOS of O*-B\P, (a) DOSs of
O*-B¢P, (b) O p-DOS of O*-B,P, (c) O p-DOS of O*-BP.



Figure S11. Variations of temperature and energy against the time for AIMD simulations time (a)
O*-B;P and (b) O*-B.P at 300 K, insert are the side views of atomic configuration at the end of
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Figure S12. Reaction Gibbs free energy diagrams of NRR on O-B¢P through (a) enzymatic, (b)

Reaction coordinates

Reaction coordinates

consecutive, (c) alternating, and (d) distal mechanisms at applied potential U=0 V.



Table S1. Lattice parameters and P-P bond lengths, dp_» of black P and blue P.

Systems  Black P (A) Blue P (A)
a 3.262 3.289
b 4.386 3.289
dr.p 2.258,2.218 2.267

Table S2. The reactions Gibbs free energy (eV) of intermediates (AG1.1,) through enzymatic and
consecutive mechanisms in pristine BP, B.P, B doping B,P and B¢P systems.

Systems AG; AG, AGz; AGs AGs AGg AG; AGg AGy AGyy AGyy AGp, AGys
Black P 009 243 058 -123 073 -003 -1.26 -153 -047 -012 -129 -041 -0.36
Blue P 039 249 -005 -143 -053 066 -055 -048 -0.04 035 -2.26 -0.85 -0.42
B doped black P 0.07 092 -0.29 -045 -1.15 -040 -058 -1.01 -0.13 -0.52 -0.57 -152 -0.09
B doped blue P 033 112 -050 -0.15 -0.73 -0.75 -1.13 020 -058 -0.64 -0.06 -1.70 -0.27
O doped black P -0.19 -0.08 196 -0.79 -0.02 -053 -1.37 019 147 -210 -0.22 -0.63 0.73
O doped blue P 034 151 072 -161 051 -057 -126 014 137 -058 047 -183 -162
Table S3. The reactions Gibbs free energy (eV) of intermediates (AG13.,1) through alternating and
distal mechanisms in pristine BP, B¢P, B doping B|P and B.P systems.
Systems AGy AGis AGis AGy; AGy AGr AGy AGy
Black P 0.08 246 -0.78 -0.27 -0.69 -059 -0.56 -0.11
Blue P 038 247 -036 -048 -0.38 -152 -0.15 0.48
B doped black P 0.14 078 -0.36 -041 -0.19 -1.73 -0.12 -0.48
B doped blue P 036 102 -055 -0.13 -053 -1.69 -0.61 -0.59
O doped black P -0.27 131 056 -112 032 -256 016 -2.07
O doped blue P 040 156 056 -0.21 -0.79 -024 128 -0.60
Table S4. The reactions Gibbs free energy (eV) of intermediates (AG;.1») through enzymatic and
consecutive mechanisms in B|P with different B dopants.
Systems AG; AG, AG:; AGs; AGs AGs AG; AGg AGy AGyy AGy AGp  AGys
BoPi4 -0.04 159 -221 -0.13 -1.86 029 -08 -034 -18 -095 -061 -1.09 -0.25
BsPi3 -0.02 099 039 -191 -1.28 -057 -0.82 -035 -1.27 -158 -129 042 -047
B4P12 -0.07 -0.03 -157 -0.92 -1.03 140 -1.06 041 -288 113 -094 -084 0.35

Table S5. The reactions Gibbs free energy (eV) of intermediates (AGi3.,;) through alternating and
distal mechanisms in in B|P with different B dopants.

SyStemS AGy AGis AGis AGr; AGis AGiy AGy AGy
BoP14 -0.10 087 -0.73 -0.88 -053 -159 -1.25 -0.78
B3Pi3 -0.37 094 -0.86 -053 -052 -131 054 -2.99

B4P12 -0.38 147 -296 -019 -062 -115 -0.82 -2.13




Table S6. Relative energy of black and blue P with O functional groups occupied at different sites.

Systems Black P Blue P
Bridge site -0.54 -0.22
Bridge and top site -5.04 -0.17
Hollow site -5.45 -1.99
Hollow and bridge site -3.10 -1.05
Top site -3.89 -0.08
Top and hollow site 0 0
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