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Calculated Procedures

As shown in Fig. S1, a serials of B-doped Ni-N4 nanoribbons were constructed. The B atom locates
in the edge of nanoribbon. In Ni-Ns-2B-2 and Ni-N4-B-2, the two-fold coordinated B bonds to one C
atom and one N atom. In Ni-Ns-2B-1, the two-fold coordinated B bonds to two C atoms. Besides,
the edged C atoms of all nanoribbons were saturated with hydrogen. The formation energies (Ef) of
these compounds were calculated to exam their stabilities. The more negative the formation energy
means better stability of the compound. And the formation energy was obtained from the following
equation:

_E(AyBp) —n*xE(A) —m~*E(B)
r- n+m

where E (A, B,,) is the total energy of the A, B,,, E(A) and E(B) are the normalized energies of
corresponding elements A and B, respectively. As shown in Fig. S1, the formation energies of these

compounds are negative, indicating a good thermodynamic stability.

The 4e" ORR process under alkaline condition consists of the formation of OOH*, O* and OH* and

the OH* desorption, corresponding to the four element reactions as following:

02 + H20(l) + e — OOH* + OH"

OOH* + e — O* + OH"

O* + H20(I) + & — OH* + OH

OH*+e — OH
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Where * represents the reaction site. The overall reaction scheme of O, reduction to OH™ in alkaline

environment is:

02(g) + 2H20(1) + 4e—— 40H"

Since it is difficult to obtain the exact free energy of OOH, O, and OH radicals in the electrolyte
solution, the adsorption free energy AGOOH*, AGO*, and AGOH*, which correspond to OOH*,

O*, and OH* adsorptions on surface of catalyst are calculated as follows:

A Goon=GooH@cata + GH20(l) — Geata-3GoH

AGo=Gog@cata + GHz0(1) — Geata-2GoH’

A Gon=GoH@cata — Geata-GoH’

The Gibbs free energy of reactions involving electron/proton transfer was calculated based on the
computational hydrogen electrode (CHE) model. The Gibbs free energy difference (AG) of each

elementary reaction was given by the following equation:

AGU)=AE-AEzpe+TAS+AGpn+AGu

where AE is the total energy change obtained from DFT calculations, /AEzpe is the change in zero-
point energy, T is temperature (298.15 K) and AS is the change in entropy, AGpn = ksT In 10 x<pH,
where kg is the Boltzmann constant, and pH = 14 for 1 M KOH medium, AGu = -neU, where U is
the electrode potential with respect to the normal hydrogen electrode, e is the transferred electron,

and n is the number of transferred electron.
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Hence, the calculated equilibrium potential (Uo) for ORR at pH = 14 was 0.4 V vs NHE where the
start state and final state are at the same energy level. The applied limited potential (UL) is defined as

the applied potential where the whole ORR starts to occur.

UL = {-max[ A Goon*, AGo* - AGoon*, AGon* - AGox, -4.92 eV - AGon+]}He

Then the overpotential is equal to the value of UL minus Uo.

n = Uo-UL

The free energy of H2O(I) was calculated based on Gr2o(g) obtained from DFT calculations and
derived as Gh2o() = GH2o(g) + RT *<In(p/p0), where R is the ideal gas constant, T = 298.15K, p =
0.035 bar, and p0 = 1 bar. Due to the limitation of DFT calculations in accurately reflecting the true
nature of oxygen molecule with high-spin ground state, the GO2(g) was derived as Gozg) = 2GH20()

—2GH2 —4.92 V.
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Supplementary Figures

Ni-N,-2B-2 Ni-N,-2B-1

Fig. S1. The calculated models and the corresponding formation energies of Ni-N4 and B doped Ni-

Na.
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Fig. S2. The bond distances of various OxHy for the optimized Ni-N4 and B doped Ni-Na.
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Fig. S3. The adsorption free energy of the intermediates (OOH*, O* and OH*) for Ni-Ns and B doped

Ni-Na.
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Fig. S4. The free energy diagrams for ORR on the Ni-Ns-2B nanosheet and B-doped graphene

nanoribbon.
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Fig. S5. The free energy diagrams for ORR on the Ni-N3B.
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Fig. S6. The calculated models of (a) Ni-NzB and its intermediates (b-c) toward ORR.
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Fig. S7. The scaling relations of AGoon* vs AGon= for various M-Ng structures and B-doped Ni-N4

structures.
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Fig. S8. The total DOS of the B-doped Ni-N4 systems and Ni-Ns structure.
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Table S1. The ORR catalytic activity of B-doped Ni-N4 and their similar structures M-NxC.

Materials RDS Overpotential n (V) References
Ni-N4 O +*+H>O+e—O0OH*+0OH" 1.05

Ni-N4-B-2 O +*+H>O+e—O0OH*+0OH" 0.75

Ni-Ns-2B-1 02+*+H,0+e—OOH*+0OH" 0.94 This work
Ni-Ns-2B-2 O +*+H>O+e—OO0OH*+0OH" 0.35

Ni-N3:B OH*+e—OH+* 1.45

Mn-N3-Gra OH*+e—OH+* 0.56

Co-N3-Gra OH*+e—OH+* 0.89 !
Ni-N2 OH*+e—OH+* 0.43 2
Niz(HITP): 02+*+H,0+e—>OOH*+OH" 0.63 3
Co-Ns+-G 02+*+H,0+e—OOH*+0OH" 0.82 4
Ni-G O*+H,O+e—OH*+OH" 1.71

Si-G OH*+e—>OH+* 1.98

Au-G O*+H,O+e—OH*+OH" 0.79

Fe-G OH*+e—OH+* 1.21 >
Ag-G O*+H,0+e—OH*+OH" 1.08

Co-G OH*+e—OH™+* 1.05

WN; O*+H,O+e—OH*+OH" 1.59

WN4 OH*+e—OH+* 0.58 6
WN;s OH*+e—OH+* 0.38

B-G O +*+H>0+e—OOH*+0OH" 0.72 7
Pt (111) OH*+e—OH+* 0.45 8
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