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1 Calculation method of OER activity

In the oxygen evolution reaction, the adsorption energy of the adsorbed intermediate can be defined as the equation shown below

AEaas = Eoxon/oon* — E* — Eojom/ooH (S1)

For which, £*, EO*, EOH* and FOOH* are the total energies of catalyst substrates, which are related to the adsorption of O, OH
and OOH, respectively. The energies of O, OH, OOH and H were calculated by simulating the total energies of H20 and Hz molecules
in the gas phase. By choosing the computational hydrogen electrode model 2, the Gibbs free energy of each adsorbate is calculated by
the following expression 3:

AG= AEaws + AZPE — TAS + AGu + AGpn (S2)

The adsorption energy AEads can be calculated by DFT calculation, AZPE and AS are the changes of zero-point energy and the
entropic contribution, respectively *. T'is fixed at 289.15 K in our study. AGu = —eU, U denotes the applied potential. AGpH is defined
as the free energy correction of the pH, AGpn = KT X In10 x pH, in which kg is the Boltzmann constant and the pH = 0 is defined as
acidic medium. The theoretical overpotential 7°FR for electrocatalyst can be evaluated with the method in Ref. 5.

7OER = maxAG1, AGa, AGs, AGafe =123 V (S3)

It can be inferred from the above equation that the ideal electrocatalyst requires all AGi to be about 1.23 eV. More precisely, it is
necessary to adjust the adsorption strength of oxygen-containing intermediates (OH*, O*, and OOH*) so that the free energy AGi of
each step of the reaction is in the optimal range, to ensure that the OER can spontaneously be in a position slightly higher than the
equilibrium potential.

2 Polarization Curve Simulation
Following the kinetic model developed by Hansen ef al. 8, we simulated the polarization curve of Co-N-C. The O electrochemical
oxidation steps are listed by the following equations:
k

*+OH" k: *OH +¢~ (S4)
-1
k
*OH + OH ké *0+H0 +e (S5)
-2
4
*0+ OH = *OOH + ¢ (S6)
-3
k
*OOH + OH~ ké Oa(aq) + H20 + ¢ (S7)
—a

where the adsorption sites derived from *O(aq) represent Oz in the electrolyte. Based on the above reduction steps, we can gain the

rate equations of each species, such as,
20-

= - kyOsxom — k_10x0n — k4O Xor + k_40X5,(aq) (S9)
%;,OH = k1 Oxxon- - k10+0n - k20onxon t k20+0%H,0 (S10)
aé;v;o = kyO«opXon - k-ze*otzo - k3O«oxo + k3 G*OOH (S11)
ZE00M — ey BrXotr - k300, ~ KaOrgeX0r + K aOrosiaq s12)

Here the x(,(aq), Yom-and xp,o are takenas 2.34 x 107, 1and 1, respectively. @ represents the coverage of the species. These rate
equations can be solved at steady state, and further infer the turnover frequency (TOF).

While for electrochemical step, K; is associated with the reaction potential (U vs. RHE), given by:

e(U-U)
Ki:CXp —T (813)
the U is the reversible potential at step i, which deduced by U; = —AGi/e. And the ki is written as:
E,; ef.(U-U)

k; = Azexp (— §T> exp (- T (S14)
where A; stands for effective pre-exponential factor taken as 10%, and B, is the symmetric factor and 0.5 is taken in this work. Since
the Ea,i of electrochemical OER steps are adopted Ea; = 0.45 €V for all the electrochemical steps of OER on Co-N-C °. Moreover, the
rate constants for all the reverse reaction (k;), can be deduced by:

k.

i (S15)

k.=
“T K
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The current density (j) can be obtained by:

j=epTOF,- (S16)

the e is the elementary charge and p is the surface density of active sites and TOF,_ is the turn over frequency of electrons,
ep=28.368 uC-cm™2 10,

3 Figures and Tables
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Fig. S1 Reaction energy diagram and structure models for Co-Ni, CoN1C3, CoN3C1 and Co-N3-v.
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Fig. S2 Schematic illustration of possible mechanistic conversion of oxygen from metal-oxygen chains.
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Fig. S3 Adsorption energies of oxygen-containing intermediates (*OH, *O and *OOH) on Co-N3, Co-N3C: and Co-Ny, respectively.

Fig. S4 Schematic diagram of the structure of diatomic Co, Coz-typel (dco-co = 2.33 A), Co2-type2 (dco-co = 4.98 A),
Coz-type3 (dco—co = 4.08 A), and Coz-type2 (dco—co =2.25 A), respectively.
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Fig. S5 The DOS of Co atom on Co-Ns, Coz-typel and Cos-typel. The fermi energy is set to zero.
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Fig. S6 The structure of O adsorbed by catalyst pre-adsorption intermediate reaction (Cos-typel-O).

Reaction energy diagram and structure models for Cos-typel and Cos-typel-O.
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Fig. S7 Reaction pathways and transition state structures of O: dissociation at Co>-typel (It is found that O: adsorbed on Coz-typel is not easy to

dissociate, and the dissociation barrier is greater than 4.5 eV through the search of the transition state).
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Fig. S8 The oxygen molecule adsorbs the configuration on Coz-typel which pre-adsorbs one oxygen

molecule (One O is pre-adsorbed, and the second O2 will not be adsorbed on Co:-typel).
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Fig. S9 Possible spin configurations of CoNy, Coz-type2-I, Coz-type3-II, CoFe-type3 and CoNi-type3.
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Fig. S10 Reaction energy diagram of CoFe-type3, Coz-type3 and CoNi-type3.
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Fig. S11  The electron localization functions (ELF) contour for Co-bulk.
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Fig. S12  Adsorption energies of O on MnCo-typed4, FeCo-type4, Coz-type4, NiCo-type4 and CuCo-typed, respectively.
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Fig. S13 (a) Structure of pre-adsorbed O* and *OH atCoCo-type4 and CoNi-type4 ortho metal sites;
(b) The change of overpotential before and after *OH pre-adsorption.
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Fig. S14 COHP analysis of the Co—O bond for the adsorption of O onto Co in systems. (a) CoCo-type4, (b) CoNi-type4, and (c) CoCu-type4.
—pCOHP is plotted such that negative on the graph represents the antibonding contribution and the bonding contribution is defined as positive.
—ICOHP (in eV) values for different systems are given, the positive value indicates net bonding and negative antibonding. The Fermi level (Ey) is

shown as a dashed gray line. Black, light blue, blue, silver and orange represent carbon, nitrogen, cobalt, nickel, and copper, respectively.

Table S1 Calculated the reaction free energy and the over-potential of OER pathway on CoN.C, (x = 1-4, y= 0-3).

Reaction free energy (eV) & over-potential (V)

Configuration AG AG> AGs AGa 7Ot
Co-NiCs 1! 0.15 0.97 2.13 1.67 0.90
Co-N2Co-1 0.59 1.03 2.01 1.29 0.78
Co-N2C2-2 0.54 1.11 1.84 1.43 0.61
Co-N2C2-3 0.55 1.10 1.92 1.35 0.69

Co-N3 12 0.03 2.13 1.24 1.52 0.90
Co-Ns-v 0.29 1.10 2.10 1.43 0.87
Co-N:C 0.42 1.15 1.87 1.48 0.64
Co-N4 0.70 1.60 1.41 1.21 0.37
Co-N2Ca-2 1 0.53 1.07 1.86 1.45 0.63
Co-Na ! 1.03 1.64 1.31 0.63 0.41
Co-Ns-exp 12 - - - 0.38




Table S2 Bader charge of the different Co-N-C system.

Bader Charge Col Co2 N1 N2 N3 N4 N5 N6 N7 N8 Cl C2
CoNs —0.76 - 1.07 1.25 1.17 - - - - - - -
CoNsCi —-0.79 1.10 1.25 1.13 - - - - - 0.19 -

CoNas —0.89 - 1.11 1.18 1.24 1.20 - - - - 0.45 0.51
Coo-typel —0.67 —0.67 1.17 1.13 1.17 1.25 1.14 1.13 - - - -
Coo-type2 —0.86 —0.87 1.11 1.01 1.25 1.25 1.03 1.11 - - - -
Coo-type3 —0.83 —0.83 1.15 1.141 0.58 0.58 0.72 0.72 1.15 0.15 - -

Coa-type4 —0.81 —0.81 1.24 1.24 1.16 1.23 1.11 1.20 1.26 1.13 1.13 1.01

Coas-typel —0.10 —0.50 1.22 1.20

Table S3 The adsorption energy Eadso2) (V) of Oz molecules adsorbed at different Co-N-C system.

System CoNs CoN:Ci CoNs Coo-typel Con-type2 Con-type3 Con-typed

fol adsorption energy —1.44 —-1.16 -1.23 -1.99 -1.10 —-1.03 —0.43

Then, we calculated the Oz adsorption energy of a series of Co-N-C catalysts, among which the Oz adsorption energy of Coz-typel
was 1.9 eV, much higher than that of Co-N4 (—1.23 eV), Coz-type2 (—1.1 eV), Coz-type3 (—1.03 eV), Coz-type4 (—0.43 eV), indicating
that the adsorption energy of oxygen-containing intermediates with unsaturated coordination was generally higher, which is not
conducive to oxygen evolution reaction.

Table S3 The adsorption energy Eadso2) (eV) of O2 molecules adsorbed at different Co-N-C system.

System CoNj3 CoNsCi CoN4 Coa-typel Coa-type2 Coa-type3 Coa-typed

0> adsorption energy —1.44 -1.16 -1.23 -1.99 -1.10 -1.03 -0.43

Then, we calculated the Oz adsorption energy of a series of Co-N-C catalysts, among which the Oz adsorption energy of Coz-typel
was 1.9 eV, much higher than that of Co-Na (—1.23 eV), Coz-type2 (—1.1 eV), Coz-type3 (—1.03 eV), Coz-type4 (—0.43 eV), indicating
that the adsorption energy of oxygen-containing intermediates with unsaturated coordination was generally higher, which is not
conducive to oxygen evolution reaction.
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