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[bookmark: _Toc111472177][bookmark: _Toc132402006]1. Gibbs free energy calculation method under constant potentials
[bookmark: _Hlk131868222][bookmark: _Hlk123755983][bookmark: _Hlk120978738]The Gibbs free energy changes (ΔG) at each ORR reaction step under a constant potential (U) were evaluated by equation (1): 

[bookmark: _Hlk124953066]In the above equation, E(U) is defined as a grand canonical energy of the system:

[bookmark: _Hlk127991819]where EDFT is the energy calculated from DFT, ΔnCPS is the number of electrons added or removed from the system, which is determined by the constant-potential method. ΦSHE is the work function of the standard hydrogen electrode, SHE (- 4.6 eV), and Vsol is the potential deep in the solution.
[bookmark: _Hlk123810299][bookmark: _Hlk108865149]And ΔZPE is the zero-point energy change, ΔGUPCET is the free energy contribution of the proton-coupled electron transfer (PCET) at electrode potential U. ΔGpH is the correction of the H+ free energy by the concentration, which can be evaluated as ΔGpH = 2.303 × kBT × pH (or 0.06 × pH) eV. Here, the value of pH was initially assumed to be zero. ΔS is the entropy change. CP is the constant-pressure heat capacity and the integration terms are calculated based on the vibrational energies of ORR intermediates. The enthalpies and entropies of free gas-phase molecules were obtained from the NIST-JANAF thermochemical tables(https://janaf.nist.gov/).
[bookmark: _Toc132402007][bookmark: _Hlk132037612]2. Computational method of the free energy of a single dissolved Cu2+ ion
Determining the free energy of dissolved metal ions and correlating it with DFT values poses a complex challenge, and directly calculating this energy using first principles remains a significant obstacle in the field. To address this, Persson et al. employed a mixed DFT-experimental value as a reference for the aqueous ion energy1. Experimental data on the free energies of ions relative to bulk metal have been reported for numerous systems ()2-5. These values are taken at standard conditions and referenced to DFT values that are calculated for bulk reference states () where the free energy is set to 0 eV. For dilute solutions, the ionic activity is assumed to be equivalent to dissolved metal ion concentration, with an activity coefficient of unity. Therefore, by utilizing the Nernst equation, the free energy of dissolved ions can be determined as a function of temperature and dissolved metal ion concentration ():

where c0 is the standard ionic concentration used in the corresponding experiment for determining the Gexp. In this study, for Cu2+ we adopt a Gexp of 0.68 eV according to the experimental data2-5, the corresponding is calculated to be -4.52 eV, therefore, the free energy of a single dissolved Cu2+ ion () at  is -3.84 eV.
[bookmark: _Toc111472178][bookmark: _Toc132402008]3. Constant-potential calculation method
The potential-dependent calculation was implemented according to the method and code developed by Duan and co-workers6.
In this method, the total number of electrons n, is considered as an additional degree of freedom, which is added on top of the Cartesian coordinates, r. Thus, the corresponding enthalpy landscape on (r, n) can be written as

where E(r, n) is the internal potential energy, n0 is the total number of nuclear charges, and ϕ is the effective energy level of the counter electrode.
[bookmark: _Hlk114650833]Taking the SHE with the Fermi level of EfS = − 4.6 eV as the reference electrode, we have

where U is the applied voltage with respect to SHE. As the work function of SHE measurement is scattered from 4.4 through 4.8 eV7, the average value of 4.6 eV is taken for our calculations, which is also frequently used in several recent studies8, 9.
The electron chemical potential is then 

where Ef is the Fermi level of the working electrode with adsorbates. 
Herein, Ef is obtained from the output of VASP, and then referenced to vacuum in post-processing by subtracting the surface electrostatic potential. The full gradient of H(r, n) is then (∂H/∂r, ∂H/∂n) = (−f, μ), where f is the atomic force vector. Then, the local optimization can be performed on H(r, n) with the generalized force (f, −μ). This direct optimization approach simultaneously relaxes the atomic positions and the number of electrons. The optimization will stop when the generalized force reached the convergence criteria, which is set as 0.02.
[bookmark: _Toc132402009]4. “Slow-growth” approach
The "slow-growth" method involves calculating the free energy difference between the initial and final states (IS and FS) through thermodynamic integration10, as shown below:

where  is the free energy gradient that can be computed by taking the ensemble-averaged derivative of the Hamiltonian with respect to the variable ξ. In this work, the ξ is chosen as the reaction coordinate (the distance between Cu and N atoms), so that thermodynamic integration can be used to evaluate the reaction and activation energies along the reaction path can be evaluated by varying ξ. The free energy can be considered as the potential of the mean force ().
The blue-moon ensemble method is used for evaluating  (treated in the form of  in this case) by taking a time average over a constrained trajectory of AIMD simulation11, with the ξ fixed at a specified value. In this case, the mean force can be calculated as demonstrated below12:

where  and, λ is the Lagrange multiplier that can be determined via SHAKE algorithm for constraining the reaction coordinate13, modifying the Lagrangian to be:

Here we automated the variation of by imposing an infinitesimally small constant speed  of 0.0005 Å/timestep, where the timestep is set to be 1 fs. Eventually, the free energy change can be calculated by14:



[bookmark: _Toc111472179][bookmark: _Toc132402010]5. Supplementary figures
[image: ]
Fig. S1 The binding energies of the Cu4 cluster on the C site of the graphene substrate and on CuN4 site, respectively. Cu, N, C, and H atoms are shown in orange, blue, gray, and white, respectively.
[image: ]
Fig. S2 The optimized structures of the CuN4 SAC structures with 1-4 adsorbed H ( CuN4H, CuN4H2, CuN4H3, and CuN4H4, respectively), and the corresponding Cu4 cluster structures (Cu4-VN4H, Cu4-VN4H2, Cu4-VN4H3, and Cu4-VN4H4, respectively).
[image: ]
Fig. S3 The calculated projected crystal orbital overlap population (pCOHP) and the integrated-pCOHP (IpCOHP) results of Cu-N bonds for CuH4N3 and Cu(CO)2N4H3.
[image: ]
Fig. S4 The representative snapshots of Cu-N bond elongating during the slow growth AIMD (SG-AIMD) simulation. Cu, N, C, and H atoms are shown in orange, blue, gray, and white, respectively. The red dashed circle notes the Cu(CO)2 moiety.

[image: ]
Fig. S5 The representative snapshots of Cu leaching and forming a [CuⅠ(CO)2]+ complex during the AIMD simulation. Cu, N, C, and H atoms are shown in orange, blue, gray, and white, respectively. The red dashed circle notes the Cu(CO)2 moiety.
[image: ]
Fig. S6 The representative snapshots of [CuⅠ(CO)2]+ complex migrating and initial sintering on another CuN4 site during the AIMD simulation.
[image: ]
Fig. S7 AIMD simulations (300 K, 10 ps) results for (a) CuN4H3 with only one adsorbed CO (denoted as CuCON4H3) at U = -1.0 VSHE, and for (b) Cu(CO)2N4H3 at U = 0 VSHE, respectively. The Cu-N bond length is plotted as a function of simulation time, and the representative snapshots are shown in the insets.


[bookmark: _Toc111472180][bookmark: _Toc132402011]6. Supplementary tables
[bookmark: _Hlk132450243][bookmark: _Hlk132449754]Table S1. Gibbs free energy changes of the CO2RR intermediates on CuN4, CuN4H, CuN4H2, CuN4H3, CuN4H4, and Cu13-CuN4.
	Species
	ΔG (eV)

	
	CuN4
	CuN4H
	CuN4H2
	CuN4H3
	CuN4H4
	Cu13-CuN4

	*(substrate)
	/
	/
	/
	/
	/
	/

	*CO2
	0.2391
	0.2168
	-0.3950
	-0.2407
	0.0995
	0.6063

	*COOH
	1.3194
	0.1699
	-0.4114
	-0.2913
	-1.2119
	0.1774

	*CO
	-0.5630
	-0.7540
	0.0280
	-0.2026
	0.3570
	-0.3933

	*(substrate)
	-0.7754
	0.5874
	0.9985
	0.9547
	0.9755
	-0.1703

	SUM
	0.2201
	0.2201
	0.2201
	0.2201
	0.2201
	0.2201
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