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Supplementary Note S1

It should be noted that the definition of the grand canonical energy  in this manuscript Ω

is different with that in the JDFTx manual [1] because we adopt a different energy 

reference. In the JDFTx manual, they view the single-electron energy as a reference so 

the ESCF needs to subtract all-electron energy contribution while in our method, the 

energy in the constant charge model is set as a standard and we only need to consider 

the electron change. We can prove that this definition difference has no influence on 

the relative energy/adsorption energy, namely

Δ𝐺= ΔΩ

Detailed derivation is as follows:

Step 1: (Definition of physical parameters)

: Electronic chemical potential, namely -4.66 in U=0 V/SHE.𝜇𝑒

: Total energy in the SCF calculation𝐸𝑆𝐶𝐹/𝐹

: Total valance electron number𝑁0

: Optimized valance electron number at a fixed electrode potential𝑁

: Number of valance electron change𝑁𝑒= 𝑁 ‒ 𝑁0

Step 2: (Deduction)

JDFTx definition of the grand free energy 𝐺= 𝐹 ‒ 𝑁𝜇𝑒= 𝐸𝑆𝐶𝐹 ‒ 𝑁𝜇𝑒

Our definition of the grand canonical energy Ω= 𝐸𝑆𝐶𝐹+ 𝑁𝑒𝜇𝑒

For a simple reaction A+B→AB,

Δ𝐺= 𝐸𝑆𝐶𝐹(𝐴𝐵) ‒ 𝑁(𝐴𝐵)𝜇𝑒 ‒ [𝐸𝑆𝐶𝐹(𝐴) ‒ 𝑁(𝐴)𝜇𝑒+ 𝐸𝑆𝐶𝐹(𝐵) ‒ 𝑁(𝐵)𝜇𝑒]

= 𝐸𝑆𝐶𝐹(𝐴𝐵) ‒ 𝐸(𝐴) ‒ 𝐸(𝐵) + [𝑁(𝐴) + 𝑁(𝐵) ‒ 𝑁(𝐴𝐵)]𝜇𝑒

= 𝐸𝑆𝐶𝐹(𝐴𝐵) ‒ 𝐸(𝐴) ‒ 𝐸(𝐵) + [𝑁0(𝐴) + 𝑁𝑒(𝐴) + 𝑁0(𝐵) + 𝑁𝑒(𝐵) ‒ 𝑁0(𝐴𝐵) ‒ 𝑁𝑒(𝐴𝐵)]
𝜇𝑒



= Ω(𝐴𝐵) ‒ Ω(𝐴) ‒ Ω(𝐵) + [𝑁0(𝐴) + 𝑁0(𝐵) ‒ 𝑁0(𝐴𝐵)]𝜇𝑒

= ΔΩ

Thus,

Δ𝐺= ΔΩ

As a quantitative example, we proved that this energy definition has no influence on 

the adsorption free energy of *N2.

Ru-N4  (eV)𝐸𝑆𝐶𝐹/𝐹 𝑁0 𝑁 𝑁𝑒  (eV)𝜇𝑒  (eV)𝐺  (eV)Ω

N2 -398.45 10 10.00 0.00 -4.66 -589.74 -543.14

* -12030.26 252 251.23 -0.77 -4.66 -13231.10 -12056.78

*N2 -12604.90 262 261.21 -0.79 -4.66 -13822.10 -12601.18

Δ𝐺= 𝐺( ∗ 𝑁2) ‒ 𝐺(𝑁2) ‒ 𝐺( ∗ ) =‒ 1.27

ΔΩ= Ω( ∗ 𝑁2) ‒ Ω(𝑁2) ‒ Ω( ∗ ) =‒ 1.27
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Supplementary Note S2

Figure S1 clearly indicates that the Ru-N4 motifs with -1.0, 0.0 and 1.0 net electrons 

after 5 ps MD tended to be equilibrized and the final configurations of Ru-N4 still 

retained their integrities. Therefore, the GC-DFT has no influence on the stability of 

the Ru-N4 catalysts under realistic conditions.

Figure S1. 5 ps ab initio molecular dynamic trajectories of the Ru-N4 motifs with net 

charges of (a) -1.0, (b) 0.0 and (c) +1.0 electron. The insert is the top view and side 

view of the relaxed geometry configurations at the final state.



Figure S2. Free energy evolution diagrams for the hydrogen evolution reaction on Ru-N3 and Ru-
N4 sites. The left and right are corresponding to the CCM and CPM, accordingly.

Table S1. Adsorption free energies of *N2 and *H on Ru-N3 and Ru-N4 reaction sites based on the 
CCM and CPM.

CCM CPM
ΔG (eV)

*N2 *H *N2 *H
Ru-N3 -0.99 -0.22 -0.64 0.44
Ru-N4 -1.17 -0.90 -1.08 -0.85


