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Computational Methods

In this study, all DFT calculations were performed utilizing the Vienna ab initio simulation package (VASP
5.4.4) with the Perdew—Burke—Ernzerhof (PBE) functional and projector-augmented wave (PAW) potentials,
which have been demonstrated to be suitable for graphene-based materials. The effects of spin-polarization
and van der Waals dispersion were included in the calculations. A 12.33 A x 12.83 A graphene with a vacuum
layer of 20 A was modelled to simulate the catalyst surface. In structural optimization, a 2 x 2 x 1 I'-centred
k-point mesh grid and 450 eV energy cutoff were employed. The convergence criteria for energy and force
were set to 107° eV and 0.02 eV/A, respectively. To achieve higher accuracy, a 4 x 4 x 1 I'-centred k-point

mesh grid was adopted for the subsequent self-consistent field calculations.

To evaluate the stability of DACs, binding energy (Ey), formation energy (Ef), and cohesive energy (E.op)

were calculated. The equations for calculating the Ey, Ef, and E.,p, are defined as the following: !>
Eb = (Eslab - ENC - 2:Emetal)/z

Ef = Eslab - XUN - YUc — Z:.umetal

_ Emetal-bulk

Ecoh - n - Emetal—single

where Eg.p, Enc,and Epnerq are the electronic energies of the catalyst, graphene substrate, and metal atoms,
respectively. x and y represent the total numbers for N and C, respectively. uy and p. denote the
chemical potentials of N and C atoms, which were obtained from N> molecular and pristine graphene,

respectively. Considering the impact of temperature and pressure on chemical potential, herein, the energy of
N was calculated under the standard state (T = 298.15 K, p = 100 kPa).*' Eycta1-puix and Enetal-single

represent the metal energies calculated from bulk and a single atom, respectively.

The Gibbs free energy changes (AG) of the intermediates were calculated based on the computational hydrogen
electrode (CHE) model by Nerskov et al., in which the chemical potential of (H" + ¢7) pair is related to half
of the H, gas molecule under standard conditions.* Therefore, AG can be determined using the following

equation:
AG = AE + AZPE — TAS + AGy + AGpy

where AE is the difference of electronic energy in the ground state obtained from self-consistent calculations;

AZPE and AS are the difference in zero-point energy and entropy, respectively; T is the temperature (i.e.,
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298.15K); AGy is the free energy contribution related to the applied potential. AGpy is the correction of the

free energy of hydrogen ion concentration: AG,y =ks x T % In10 x pH, where kg is the Boltzmann constant

(8.617343 x 10° eV K).?

Based on the equilibrium between adsorption and aqueous solution, the free energy changes can be determined

using the following equation:

AG = GP* + mGHzO -G — (2m — 1’1)(05(}1_12 — USHE —2.303 kBTpH)

P-O,Hy,

where Gp., Gp_o, H,+ Gn,0,and Gy,are the Gibbs free energies of the pristine surface, coverage surface,

H>O, and Ha, respectively. m and n represent the numbers of O and H in the adsorbate, respectively. Usyg

is the potential vs. standard hydrogen electrode (SHE).

To describe the capability of attracting electrons of different DACs, the system electronegativity (X) was

calculated using the following equation:

56,
X = (xXy + yXc = 2Xumetar) X T
Ng

where x and y are the number of N and C adjacent to the embedded metal atom; X;, Xy and Xperq; are
the electronegativity of the carbon, nitrogen, and metal atoms, respectively; 8, is the number of occupied

electrons of the d orbitals of metal atoms; n, is the maximum number of electrons in the d orbitals.
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Table S1. Electronic energies (E) of the species at 298.15 K in this work which applied to calculate the

chemical potential. The energy of the gas phase N> was calculated under the standard state (T = 298.15 K, p
= 100 kPa).>!9 All values are given in eV.

Species E (eV)

N> -17.05

Graphene (60 C atoms) -533.40
Fe -3.46
Co -1.98
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Table S2. Contributions to the adsorption free energy from the zero-point energy corrections, enthalpic (heat

capacity) corrections, and entropic corrections. All values are given in eV.

Adsorbate ZPE TS [ CpdT AG
H* 0.219 -0.009 -0.001 0.226
O* 0.084 0.039 0.024 0.069
HO* 0.370 0.078 0.043 0.335
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Fig. S1. Geometric configurations of DAC and DAC-like materials, where green, violet, blue, and silvery

spheres represent Fe, Co, N, and C, respectively.
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Fig. S2. System energies and the average intermetal distances of Fe/Co-Ns-C during AIMD simulations, where

green, violet, blue, and silvery spheres represent Fe, Co, N, and C, respectively.
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Fig. S3. Adsorption configurations of Fe-N4/Co-N4-C where green, violet, blue, silvery, red, and light pink

spheres represent Fe, Co, N, C, O, and H, respectively.
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Fig. S4. Adsorption configurations of Fe-N4/Fe-N4-C where green, blue, silvery, red, and light pink spheres

represent Fe, N, C, O, and H, respectively.
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Fig. S5. Adsorption configurations of Fe/Co-Ns-C where green, violet, blue, silvery, red, and light pink spheres
represent Fe, Co, N, C, O, and H, respectively.

S10



Fig. S6. Adsorption configurations of Fe/Fe-Ng-C where green, blue, silvery, red, and light pink spheres

represent Fe, N, C, O, and H, respectively.
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Fig. S7. Adsorption configurations of Fe/Co-N7-C where green, violet, blue, silvery, red, and light pink spheres
represent Fe, Co, N, C, O, and H, respectively.
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Fig. S8. Adsorption configurations of Fe/Fe-N7-C where green, blue, silvery, red, and light pink spheres

represent Fe, N, C, O, and H, respectively.
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Fig. S9. Adsorption configurations of Fe/Co-Ns-C (s) where green, violet, blue, silvery, red, and light pink

spheres represent Fe, Co, N, C, O, and H, respectively.
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Fig. S10. Adsorption configurations of Fe/Fe-Ng-C (s) where green, blue, silvery, red, and light pink spheres

represent Fe, N, C, O, and H, respectively.
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Fig. S11. Adsorption configurations of Fe/Co-N¢-C where green, violet, blue, silvery, red, and light pink

spheres represent Fe, Co, N, C, O, and H, respectively.
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Fig. S12. Adsorption configurations of Fe/Fe-Ng-C where green, blue, silvery, red, and light pink spheres

represent Fe, N, C, O, and H, respectively.
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Fig. S13. 2D Surface Pourbaix diagrams of DAC and DAC-like materials as the function of pH and potential.
(a-j) Surface Pourbaix diagrams in a wide pH range of (a) Fe-N4/Co-N4-C, (b) Fe-N4/Fe-N4-C, (c) Fe/Co-Ns-
C, (d) Fe/Fe-Ns-C, (e) Fe/Co-N7-C, (f) Fe/Fe-N-C, (g) Fe/Co-Ns-C (s), (h) Fe/Fe-Ns-C (s), (i) Fe/Co-Ng-C,
and (j) Fe/Fe-Ns-C.
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Fig. S14. Identified electrochemistry-induced surface coverages of DACs at the characteristic potentials of

HER (0 Vwrue), OER (1.60 Vrue), ORR (0.78 Vrue), CO2RR (—0.35 Vrue), and NRR (=0.40 Vrue).
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