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Table S1 The Metal-N bond lengths (dy.n), the Ni-Pd bond lengths (dnipq) and

charges of each atom using different supercell sizes.

5%5 10x5
dnin(A) 1.848/1.841/1.950 1.848/1.840/1.950
dpan(A) 1.924/1.998/2.003 1.924/1.998/2.003
dnipa(A) 2.241 2.241

Charge Ni -0.63 -0.63
Charge Pd -0.41 -0.41
Charge Tj 0.60 0.60
Charge T, 1.20 1.20
Charge Ts 1.09 1.09
Charge T 1.07 1.07
Charge T, 1.30 1.30
Charge Tg 0.71 0.71
after O adsorption

Charge O 0.79 0.79
Charge Ni

Charge Pd -0.91 -0.91
Charge T; 0.61 0.61
Charge T4 1.21 1.21
Charge Ts 1.06 1.06
Charge T 0.66 0.66
Charge T, 1.14 1.14

Charge Tg 0.61 0.61




Table S2 The Metal-N bond lengths (dy.n) vs. sum of covalent radii (ry + rn) of the
metal and N atoms, and the Ni-Pd bond lengths (dni.pq) vs. sum of covalent radii (ry; +

rpq) of Ni and Pd atoms.

Model  dnin(A) it rn(A)  dpan(A)  rpgt v(A)  dnipd(A) it rpa(A)

NiPdNe-G ~ 1.88 1.95 1.98 2.10 2.24 2.63
NiNg-G 1.88 1.95
PdN4-G 1.95 2.10

Table S3 The formation energies (Ef and Ep,), standard dissolution potential standard

0
dissolution potential (UdﬁSS), number of transferred electrons (N,) during the
dissolution, dissolution potential (Uy;,), the binding energies (E,) and the cohesive

energy (E.n) for each catalyst.

EQ(GV) UdIIE)SS(V) N, Usiss(V)
Model  Ep(eV) EneV)  Econ (eV)

Ni-PdNg Pd-NiNg  Ni Pd Ni Pd Ni Pd

NiPdNe-G ~ -5.46 -6.12 -4.51 -026 095 2 2 280 321 -5.65 -5.19

NiN4-G -4.45 -0.26 2 1.97 -8.21 -5.84

PdN,-G -2.33 0.95 2 2.12 -7.02 -4.54




Table S4 The free-energy (AG) for the different reaction intermediates and the

overpotential (7) for all possible ORR pathways on NiPdN¢-G.

AG (eV)
Path Process n (V)
*0Q, *OOH *O+*OH *OH+*OH *O *OH
1 1-2(B)—3(up)—4(up) 436 4.06 1.83 1.00 0.40
2 152(B)—3(down)—4(down) 436 4.06 1.83 098 0.38
3 1-0(T5)—2;(T2)—3(up)—4(up) 436 4.06 3.83 1.83 1.00 0.40
4 150(T2)—2;(T2)—3(down)—4(down) 436  4.06 3.83 1.83 098 0.38
5 1_>0(T2)_>2ili(”[‘2)_>3'(Tz)_>4(up) 436 4.06 3.83 2.71 1.00 0.37
6 152i1i(T,)—3'(Ty)—4(up) 436 4.06 2.71 1.00 0.37
7 1-0(T5)—2;(T3)—3(up)—4(up) 436 4.06 4.24 1.83 1.00 0.40
8 1-0(T3)—2;(T3)—3(down)—4(down)  4.36  4.06 4.24 1.83 098 0.38
9 1_>0(T3)_>2ili(”[‘3)_>3'(T3)_>4(up) 436 4.06 4.24 3.30 098 0.37
10 1—2ii(T;)—3'(T5)—4(up) 436 4.06 3.30 098 047
11 1-0(Tg)—2;(Ts)—3(up)—4(up) 436 4.06 4.22 1.83 1.00 0.40
12 150(Ty)—2i(Ts)—3(down)—4(down) 436  4.06 4.22 1.83 098 0.38
13 1_>0(T8)_>2ili(”[8)_>3'(Tg)_>4(up) 436 4.06 4.22 3.37 098 0.38

14 1—2iii(Tg)—3'(Tg)—4(up) 436 4.06 3.37 098 0.54




Table S5 The total energy (AE), the changes of the zero-point energy (AZPE), the
temperature T and the changes of entropy (AS) of each system calculated by DFT in

free-energy (AG) calculation.

AE AZPE-TAS AG (U=0)
*0, -440.158 0.003 4.36
*0OH 444211 0.341 4.06
*O(B)+*OH(T>) -444.298 0.204 3.83
*O(B)+*OH*(T5) -444.121 0.431 4.24
*O(B)+*OH(Tj) -444.136 0.434 4.22
*OH(B)+*OH(T>) -449.260 0.641 2.71
*OH(B)+*OH(T}) -448.699 0.667 3.30
*OH(B)+*OH(Tj) ~448.668 0.707 3.37
*0 -435.348 0.071 1.83
*OH (up) -439.852 0.334 1.00

*OH (down) -439.988 0.460 0.98
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Fig. S1 Calculated total energies of NiPdN4-G using different energy cutoff values.
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Fig. S2 Calculated total energies of NiPdNg-G using different k-point meshes.



Fig. S3 The electron location functions (EFLs) for (a) NiPdNs-G, (b) NiNy-G and (c)
PdN,;-G. Blue, yellow and orange spheres represent N, Ni and Pd atoms, respectively.
Scale bar: ELF = 0, 0.5, and 1, corresponding to no electron (blue), the electron gas

(green), and perfect electron (red), respectively.
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Fig. S4 Total DOS, projected Ni-3d, Pd-3d and N-2p states, and the metal d-band
centers (g4) calculated from both spin up and spin down states of (a) NiPdNs-G, (b)
NiNy-G and (¢) PdNy-G. Fermi level is set at 0 eV.

Fig. S5 (a) The charge density difference plot and (b) calculated Bader charges for



NiPdNg-G catalyst. Yellow and cyan bubbles indicate electron accumulation and
depletion, respectively. Blue, yellow and orange spheres represent N, Ni and Pd atoms
respectively. The ‘+ and ‘-’ denote the gained and lost charges, respectively
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Fig. S6 The energy curve of NiPdNg structure is simulated via AIMD at 500 K, and

the top-view and side-view of NiPdNjg structure are both obtained at 10 ps

Fig. S7 The optimized structures of (a) NiN4-G and (b) PdN,;-G. Grey, blue, yellow

and orange spheres represent C, N, Ni and Pd atoms, respectively
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Fig. S8 Atomic structures of IS, TS, and FS for each step of ORR on NiPdNg-G. The
TS structures are marked by dashed boxes. Grey, blue, yellow, orange, red and green

spheres represent C, N, Ni, Pd, O and H atoms, respectively.
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Fig. S9 Free-energy diagrams for ORR on NiPdNg-G in (a) paths 1 and 2; (b) paths 3
and 4; (c) path 5; (d) paths 10 and 14.



The formation energy (Ef) for evaluating the structural stability, was calculated
by the following equation
—-F

E. = Ewpan.o — Exi — Epa — 61, — 404, \* MERGEFORMAT

Ni

(S1)
or

E

. = Eun,.o — Ex — 4ty — 444 \* MERGEFORMAT (S2)

Where ENiPdN6'G is the total energy of NiPdNs,-G DAC, while Eun, -6 is the total
energy of NiN4-G or PdNy-G SAC. Ey; and Epy are the energies of isolated Ni and Pd
atoms in vacuum, and E)\, takes above value as appropriate. The chemicalpotentials of
C and N atoms are denoted as uc and uy, which are derived from nitrogen gas and
pristine graphene.

Besides Ef, the formation energy (Ep) was also calculated to evaluate the
thermodynamic for NiPdNg-G, as following equation

E, = Ewp, —Evan,c — Exi\¥ MERGEFORMAT (S3)

Fii
and

E. = Expeno —Exin. o — Esa \¥ MERGEFORMAT (S4)

By ni By . .
where 27 and 2 are the total energy of single Ni or Pd atom doped N-

coordinated graphene.
The dissolution potential (Uy,,) were also used to evaluate the electrochemical
stabilities using the follow equation

= U

diss

U

diss

(metal,bulk)—E—Af; \* MERGEFORMAT (S5)
e e

0
Where Udiss(metal.bulk) ¢ the standard dissolution potential of bulk metal, N, is the

number of electrons during the dissolution, respectively.
The binding energy (E}) between two metal atoms and substrate, and the cohesive

energy (E o) were calculated respectively using the following equations

E. - E, -E, —-E
B, =M T T ZONS \« MERGEFORMAT (6)




E,=Eun.o — Eu — Ex,¢ \* MERGEFORMAT (S7)

and

Exouto + Evaouy — Exi —E
= el Pd(bz"‘) N A\* MERGEFORMAT (S8)

Ew = Evpun — Ev \* MERGEFORMAT (S9)

The charge density difference plots were calculated using the following equation:
Ap(r) = p(Mxipan,-¢ — PFniva — P, G

JAUPINE . . . .
where ( )NIPdNé " is the charge density of NiPdNg-G catalyst. * (Mni+pa is the charge

N

densities of Ni and Pd atoms. i 6”9 is the charge density of the N-doped graphene.
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