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Supplementary Notes: 

Note 1. Gibbs Free Energy and Adsorption Energy Calculation  

In carbon dioxide reduction reaction (CO2RR), the first elementary step is adsorption of 

gaseous reactant, CO2, on the surface of catalysts, which is one of the critical steps to determine 

catalytic mechanism and catalytic activity. Thus, in a neutral or acidic environment, CO2RR to 

CO product is assumed to proceed a four-step reaction: 

∗ +	CO!(#) →	∗ COO																																											(𝑆1) 

∗ COO	+ H% + 𝑒& →	∗ COOH																								(𝑆2) 

∗ COOH + H% + 𝑒& →	∗ CO + H!O(')								(𝑆3) 

∗ CO →	∗ +	CO(#)																																																	(𝑆4) 

where * refers to the active site on the surface of catalysts, subscripts g and l stand for the gas and 

liquid phases, respectively, and *CO2, *COOH and *CO are the intermediates chemisorbed on 
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the catalysts surface. In some case, it is possible that Eqs.(S3) and (S4) are combined into one 

reaction: 

∗ COOH + H% + 𝑒& →	CO(#) 	+ H!O(')								(𝑆3𝑎) 

Due to desorption of CO from the surface of the catalysts. 

CO2RR to CO2H2 product is assumed to proceed a three-step reaction: 

∗ +	CO!(#) →	∗ OCO																																											(𝑆5) 

∗ OCO	+ H% + 𝑒& →	∗ OCHO																								(𝑆6) 

∗ OCHO + H% + 𝑒& → 	OCHOH(')																(𝑆7) 

where *OCO, and *OCHO are the intermediates chemisorbed on the catalysts surface. 

Hydrogen evolution reaction (HER) follows the pathway: 

∗ 	+H% + 𝑒& →	∗ H																																															(𝑆8) 

∗ H	+ H% + 𝑒& →	H!(#)																																				(𝑆9) 

 

The free energy of elementary reactions of CO2RR are calculated with the model of 

computational hydrogen electrode (CHE).1 Briefly, the Gibbs free energy change of each 

elementary step of CO2RR is calculated with the density functional theory (DFT). Accordingly, 

the chemical potential of the solvated proton and electron pair (H+ + e−) at standard conditions is 

equal to half of the gaseous hydrogen (1/2GH2) at the standard hydrogen electrode. The corrections, 

such as zero-point energy (DEZPE), heat capacity (DCp), temperature (T) and entropy (DS), together 

with the DFT total energy (DEDFT), are considered in calculating the free energy (DG) of each 

elementary reaction, which takes the formula2: 

Δ𝐺 = Δ𝐸()* + Δ𝐸+,- + ∫ 𝐶.𝑑* − 𝑇∆𝑆 + 𝑒𝑈/0- 									(𝑆10) 

where DEZPE, Cp, and DS are calculated from statistical mechanics within the harmonic 

approximation, taking the vibrational frequencies of adsorbates and molecules as calculated 

within DFT. These correction values of different adsorbate species are exhibited in Table S1. The 

energy of these elementary steps (DEDFT) is the energy differences between the DFT-calculated 

energies of the product and reactant states. In this work, DEDFT, calculated from the double 

reference method (DRM), is potential-dependent. The correction of applied voltage (eUSHE) is 

incorporated in the Gibbs free energy calculation of each electrochemical step. Moreover, an 



addition value of -0.51 eV is added into CO gaseous molecules to correct the large deviations 

from the standard value in using GGA-PBE functional.3 For the CO2RR catalytic mechanism, the 

equilibrium potentials at standard conditions are -0.12 V/SHE and -0.20 V/SHE for products, CO 

and HCOOH, respectively.4 

The adsorption energy of intermediates in CO2RR is calculated by: 

Δ𝐺∗23! = 𝐺∗23! − 𝐺∗ − 	𝐺23!																																					(𝑆11) 

Δ𝐺∗2330 = 𝐺∗2330 − 𝐺∗ − (𝐺23! + 	1/2𝐺0!)						(𝑆12) 

Δ𝐺∗23 = 𝐺∗23 − 𝐺∗ − (𝐺23! + 𝐺0! − 𝐺0!3)									(𝑆13) 

where G* is the ground state energy of clean catalysts, G*CO2, G*COOH and G*CO are the ground 

state energies of the catalysts absorbed with *CO2, *COOH, and *CO adsorbates, respectively. 

The energies of G*, G*CO2, G*COOH and G*CO are calculated from the DRM, which are potential-

dependent. GCO2, GH2 and GH2O are the energies of CO2, H2 and H2O gaseous/liquid molecules, 

respectively. 

     The rate-limiting potential of CO2RR is calculated by: 

𝑈4 = 𝑚𝑎𝑥{∆𝐺5, ∆𝐺!, ∆𝐺67} 𝑒⁄                           (S14) 

𝑈4 = 𝑚𝑎𝑥{∆𝐺5, ∆𝐺!, ∆𝐺6, ∆𝐺8} 𝑒⁄                        (S15) 

where ∆𝐺5, 	∆𝐺!, 	∆𝐺6, ∆𝐺8 and ∆𝐺67 are the free energy change of Reaction S1-S4 and S3a 

calculated by Eq. (S10), respectively. For HER in Eqs. S8-S9, 

𝑈4 = 𝑚𝑎𝑥{∆𝐺5, ∆𝐺!} 𝑒⁄                                 (S16) 

Note 2. Spin-orbit interaction 

The spin-orbit interaction (or spin Hall effect) is derived from the electron spin-polarization, 

namely the electromagnetic interaction between the electron's magnetic dipole and the 

electrostatic field.5 As schematically illustrated in Figure S10a, there is a longitudinally 

generating spin currents under the transverse external current (charge current).6 Since there is the 

interaction of the spin-orbital coupling between the charge flow and the spin current (the coupling 

between the spin and the orbit will produce different deflection effects on the electrons of different 

spins), it leads to a shift in their energy levels, as illustrated in Figure S10b.7 

In our calculations, we demonstrated that the Ni dx2-y2 energy level above the Fermi level 

has a significant split with the increase of the applied voltage, as shown in Figure S11. It could 

be explained by the fact that the applied external potential promotes charge transfer, inducing the 



current density between the intermediates and substrate in the z direction, as well as the electrons 

in x-y plane. Thus, the spin-orbit interaction occurs, producing newly energy levels, and partially 

occupied dx2-y2 orbitals below the Fermi level, as shown in Figure S11. This phenomenon of spin-

orbit interaction is occasionally observed in experiments with electrochemical reactions.8, 9, 10 

Therefore, we propose that the d electrons at z-direction energy level play a critical role in the 

adsorption of CO2 and its intermediates since the obviously overlapping between dz2 (or dxz, dyz) 

orbitals of Ni atom and p* anti-bonding orbitals of CO2 adsorbate to form d-p* (occ) and d-p* 

(unocc) hybridized energy levels,4 while the d electrons at x-y plane, including dx2-y2 and dxy, act 

as a bridge to connect the orbitals of d-π* (occ) and d-π* (unocc), making the d electrons of Ni 

atom conveniently transferrable to the *CO2 adsorbates. 

Note 3. Solvent Impact in Electrochemical CO2RR 

In addition to the applied voltage, the solvent impact also plays an irreplaceable role in both 

stabilizing adsorption configuration of the intermediate and enhancing their adsorption strength, 

confirmed by previous articles11.  

In order to gain deep insights into the solvent impact, we performed comparison calculations 

with the DRM models (i) without considering solvent effects; ii) Only using the implicit solvent 

model to simulate the long-term solvent impact; iii) Utilizing both the implicit and explicit models 

(two H2O molecules around per adsorbate) to simulate the long-term and local solvent effects of 

aqueous solution. It is worth noting that the elementary reaction of *CO2 chemisorption usually 

determines the activity of the electrocatalyst, so here we only discuss the influence of the solvent 

effect on the *CO2 adsorbent. Figure S13-17 demonstrated the simulation results of the above 

three cases. The results show that the applied voltages to trigger *CO2 chemisorption are 

respectively identified as -1.26 V, -1.06 V and -0.82 V for these three cases, which are far from 

the experimental results (-0.50 V). Therefore, these three comparison calculations fail to 

reproduce the onset-potential in experiments. By contrast, the implicit and explicit models (four 

H2O molecules around per adsorbate) we adopted in this work have successfully predict the 

catalytic behavior of CO2RR on Ni-N4 SAC, including CO2 chemisorption, onset-potential, and 

product selectivity. It should be noted that we did not attempt to add more explicit water molecules 

(e.g., six or eight H2O molecules per adsorbate) to the system since the existence of geometric 

steric hindrance prevents the intermediate from obtaining more hydrogen bonds. The optimal 



configurations with four H2O molecules around the adsorbates have been supported by the report 

describing the role of hydrogen bonding in electrochemical CO2 reduction12. 

Note 4. Electrocatalyst synthesis 

The Ni@NCH and Fe@NCH electrocatalysts were prepared via a polymerization-

calcination strategy combined with silica-templating. Specifically, 0.5 mL of ammonia solution 

(NH4OH, Sigma Aldrich, 35%) was injected into a mixed solution containing ethanol (12 mL) 

and DI water (40 mL). Subsequently, 1 mL of tetraethyl orthosilicate (TEOS, Sigma Aldrich, 

99.99%) was dropwise added into the above solution and kept stirring for 10 min to form SiO2 

suspension, followed by addition of 0.1 mmol nickel nitrate (Ni(NO3)2•6H2O, Sigma Aldrich, 

99.99%). Then, 3 mL of dopamine hydrochloride solution (C8H12ClNO2, Sigma Aldrich, 0.26 M, 

98%), which was used as the nitrogen-doped carbon precursor, were quickly injected into the 

above suspension, and the self-polymerization was spontaneously triggered. After 48 h later, the 

precipitates were collected by centrifuging, washed with DI water several times and dried at 80°C 

in an oven. The obtained powder was then subjected to a calcination treatment under an argon 

atmosphere at 800°C. To remove the silica template, alkaline leaching (2 M NaOH) was carried 

out at 90°C for 4 h after annealing. The samples were then acid washed (0.5 M H2SO4) at 90°C 

for 4 h. The acid-washed samples were calcined again at the same conditions. 

Note 5. Electrochemical methods 

All working electrodes were prepared by dissolving 2 mg of catalyst powder in 1.0 mL of 

DI water and ethanol solution (1:1, v/v) followed by the addition of 30 µL of Nafion solution 

(Sigma-Aldrich, 99.99%). The resulting mixture was ultrasonicated to form a homogeneous ink, 

which was then drop cast on Teflon-lined carbon fiber paper to attain a catalyst loading of 0.5 

mg/cm2. Electrochemical measurements (unless mentioned otherwise) in this study were carried 

out with an Autolab M204 (Metrohm Autolab) electrochemical workstation, using a customized 

glass frit separated two-compartment gas-tight H-cell. The cathode compartment of the H-cell 

contained the Ni/Fe electrodes and a saturated calomel electrode (SCE) as the working and 

reference electrode respectively, whereas the anode compartment contained a Pt wire as the 

counter electrode. 0.1 M KHCO3 was utilized in this study as the electrolyte. Before each 

experiment, the cathodic compartment of the H-cell was purged with CO2 for 30 minutes, and the 

CO2 saturated 0.1 M KHCO3 solution gave a pH measurement of 6.8. All potentials measured in 



this study were converted to the reversible hydrogen electrode (RHE) reference using the 

following equation: ERHE (V) = ESCE (V) + 0.245 + 0.059 × pH. Constant potential electrolysis 

(without iR compensation) was carried out at various potentials for one hour and the experiments 

were repeated three times, and the results presented are the averaged values. 

Note 6. Product detection 

A gas chromatograph (Shimadzu, Model 2010 Plus), equipped with both thermal 

conductivity detector (TCD) and flame ionization detector (FID) detectors, was used to quantify 

the gas-phase products after 1800s and 3600s during the one-hour long bulk electrolysis. 0.5 mL 

of liquid aliquots were collected at the end of each experiment and mixed with 0.1 mL of D2O 

and 7.143 ppm of internal standard dimethyl sulfoxide (DMSO, Sigma 99.99%), and were 

analyzed using a 600 MHz 1H 1 D liquid NMR spectrometer (Bruker Advance) at 25 °C. The 1D 
1H spectrum was measured with water suppression with a pre-saturation method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figures 

 

  

 

Figure S1. (a) Schematic of transition metal TM-N4 SAC. (b) The total energy of Ni-N4 SAC as 

a function of the distance (Å) in z-direction between those two layers in a periodic unit. (c) The 

geometry structure chosen in this work, where the distance between two layers was set to 12 Å, 

and the lattice size in z-direction was set to 30 Å to reserve an 18 Å vacuum spacing between the 

periodically repeated images, such that the artificial interactions and electric dipoles in the system 

can be eliminated.  
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Figure S2. Free energy diagrams of CO2RR and HER on Ni-N4 SAC at typical applied voltages. 

(a) U = 0 V/RHE, (b) U = -0.49 V/RHE, (c) U = -0.54 V/RHE, (d) U = -0.93 V/RHE, (e) U = 

-1.03 V/RHE, and (f) U = -1.24 V/RHE. There are several catalytic pathways depending on the 

applied potential: 

0 ~ -0.49 V:    Neither CO2RR nor HER occurs due to unstable chemisorption of CO2 and H 

at the active site (adsorption free energies of both CO2 and H are positive);  

-0.49 ~ -0.54 V: HER proceeds but CO2RR does not; 

-0.54 ~ -0.93 V: CO2RR starts and becomes preferrable over HER because of its lower free 

energy (DGL), thus the Faraday Efficiency (FECO) increases rapidly; 

-0.93 ~ -1.24 V: DGL of HER becomes lower than that of CO2RR, indicating the FECO achieves 

its maximum value at -0.93 V and then decreases sluggishly. In this regime, the 

adsorption energy of *CO2 (DG*CO2) is still larger than that of *H (DG*H), which 

means *CO2 is favorable to adsorb at the active sites and CO2RR still dominates 

the reactions (FECO > FEH2); 

-1.24 ~ -2.00 V: both DGL for HER and DG*H are more negative, thus HER will regain its 

domination in the reactions.  

-1.03 ~ -2.00 V: CO stably adsorbs on the surface of the Ni-N4 SAC surface, and the 

corresponding catalytic mechanism of CO2RR has become: * ® *CO2 ® 

*COOH ® *CO ® CO(g); 



 

Figure S3. The structural configurations of CO2 molecules being adsorbed on Fe-N4 SAC surface 

under different applied potentials. The black, green, red and pink balls are carbon, hydrogen, 

oxygen and nickel atoms. respectively. 

 
Figure S4. The total energies of clean substrate and adsorbates of CO2RR on Fe-N4 SAC as a 

function of the applied potential U. (a) no adsorption, (b) *CO2, (c) *COOH, and (d) *CO. The 

calculated total energies are represented by the points, and the parabolic curves are the fitting 

curves for these energies. The solid part of the parabolic curve in (b) indicates that *CO2 

adsorbates are chemisorbed on the surface, while the dashed part represents physisorption. The 

insets are the structural configurations of bare, *CO2, *COOH and *CO, respectively. The black, 

green, red and pink balls are carbon, hydrogen, oxygen and iron atoms, respectively. 



 

Figure S5. (a) Schematic plot of potential-dependent free energy of CO2RR and HER on Fe-N4 

SAC; (b-d) Free energy of CO2RR and HER as a function of applied potential (U/RHE) at 

different regimes. 

 

 

 



 

Figure S6. Free energy diagrams of the CO2RR and HER on Fe-N4 SAC at (a) U = 0 V/RHE, (b) 

U = -0.27 V/RHE, (c) U = -0.51 V/RHE, and (d) U = -0.61 V/RHE. There are several catalytic 

pathways depending on the applied potential U: 

0 ~ -0.27 V:     both CO2RR and HER did not occur due to the positive free energy;  

-0.27 ~ -0.51 V: CO2RR proceeds but HER is still inactive; 

-0.51 ~ -0.61 V: CO2RR is more active than HER due to its lower RLS free energy (DGL). Thus 

the Faraday Efficiency (FECO) increases rapidly; 

-0.61 ~ -2.00 V: DGL of HER was lower than that of CO2RR, indicating the FECO achieved a 

maximum value at -0.61 V and then decrease sluggishly. 

 

 

 



 

Figure S7.  The total energies of (a) *OCO and (b) *OCHO intermediates on Ni-N4 SAC as a 

function of the applied potential U. The calculated total energies are distinguished as the points 

in the corresponding diagrams, and the polynomial fits to these energies are the parabolic curves. 

The solid part of the parabolic curve in (a) indicates that the *OCO adsorbates was chemisorbed 

on the surface, while the dashed part was away from the surface. The insets are the structural 

configurations of *OCO and *OCHO. The black, green, red and pink balls are carbon, hydrogen, 

oxygen and nickel atoms, respectively. 

 

 

Figure S8. (a) The total energies of *H adsorbate on Ni-N4 SAC as a function of the applied 

potential U. The calculated total energies are represented by the points, and the parabolic curves 

are the results of polynomial fitting to these energies. The insets are the structural configuration 

of *H, and the black, green and pink balls are carbon, hydrogen and nickel atoms, respectively. 

(b) The adsorption energy of *H adsorbate (DG*H) as a function of applied potential. 



 
Figure S9. The potential-dependent variations of *CO2 geometric configuration, involving: (a) 

the distance of C-O¢ (rC-O¢) or C-O¢¢ (rC-O¢¢) in CO2 adsorbates; (b) the angel of ÐOCO in CO2 

adsorbates; (c) the distance between Ni atom and CO2 (rNi-C); and (d) the hydrogen bond strength 

between CO2 and surrounding H2O molecules. The insets are the variations of the *CO2 geometric 

configuration after being chemisorbed on the surface 

 

 
Figure S10. The schematic diagrams of (a) spin-orbit interaction (or spin Hall effect) on carbon-

based catalyst, and (b) spin-orbit interaction leads to a shift in energy levels. 

 



 

Figure S11. The projected density of state of Ni atom (Ni/PDOS, black) and its d orbitals 

(dxy/green, dyz/blue, dxz/magenta, dx2-y2/olive, dz2/orange), as well as the CO2 adsorbate 

(CO2/PDOS, violet) under different applied potential, including: (a) U = 0.12 V/SHE; (b) U = 

-0.49 V/SHE; (c) U = -0.54 V/SHE; and (d) U = -1.15 V/SHE. 
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Figure S12. The Fermi level (EFermi/eV) as a function of the applied potential (V). The insets are 

the PDOS of Ni (black) and CO2 (red) via Fermi level under different voltages.  

 

 

 

 

 

Figure S13. The structural configurations of CO2 molecules adsorbed on Ni-N4 SAC surface 

under different applied potentials, calculated using the DRM approach that do not consider 

solvent effects. The black, green, red and pink balls are carbon, hydrogen, oxygen and nickel 

atoms, respectively. 

 



 

Figure S14. The structural configurations of CO2 molecules adsorbed on Ni-N4 SAC surface 

under different applied potentials, calculated using the implicit solvent model. The black, green, 

red and pink balls are carbon, hydrogen, oxygen and nickel atoms, respectively.  

 

 

Figure S15. The structural configurations of CO2 molecules adsorbed on the Ni-N4 SAC surface 

under different applied potentials. The calculations were made using both the implicit solvent and 

explicit model (two H2O molecules around the adsorbates were added into the system). The black, 

green, red and pink balls are carbon, hydrogen, oxygen and nickel atoms, respectively.  

 

 

Figure S16. The structural configurations of CO2 molecules adsorbed on the Ni-N4 SAC surface 

under different applied potential. The calculations were made utilizing both the implicit solvent 

and explicit model (four H2O molecules around the adsorbates were added into the system). The 

black, green, red and pink balls are carbon, hydrogen, oxygen and nickel atoms, respectively.  

 

 



 

 

 
Figure S17. The total energies of *CO2 intermediates on Ni-N4 SAC as a function of the applied 

potential U, calculated using (a) the implicit solvent model, and (b) combination of the implicit 

solvent and explicit model (two H2O molecules around the adsorbates). The total energies are 

calculated using Eq.3. The solid part of the parabolic curve indicates that the *CO2 adsorbates 

was chemisorbed on the surface, while the dashed part was away from the surface. The insets are 

the structural configurations of *CO2. The black, green, red and pink balls are carbon, hydrogen, 

oxygen and nickel atoms, respectively.  
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Figure S18. The critical applied voltage at which CO2 adsorbs on Ni-N4 SAC under different 

environments (vacuum, IS (implicit solvent), IS + two H2O molecule, IS + four H2O molecules), 

and onset potential measurement. 
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Supplementary Tables 

Table S1. Corrections including zero-point energy (DEZPE), heat capacity (DCp) and entropy (DS) 

at 298.15K for calculation of total energy to Gibbs free energy (DG) (eV). 

Adsorbate DEZPE TDS ∫CpdT DEZPE + ∫CpdT - TDS 

*CO2 0.32 0.19 0.12 0.25 

*OCO 0.30 0.16 0.09 0.23 

*COOH 0.61 0.18 0.08 0.51 

*OCHO 0.62 0.20 0.10 0.52 

*CO 0.19 0.09 0.06 0.16 

*OCHOH 0.82 0.09 0.05 0.78 

CO2 0.31 0.65 0.10 -0.24 

CO 0.14 0.67 0.09 -0.44 

HCOOH 0.90 1.02 0.11 -0.01 

H2O 0.58 0.65 0.10 0.03 

H2 0.27 0.42 0.09 -0.06 

 

Table S2. Fitted parameters of the quadratic equation for the total energies of CO2RR and HER 

species on Ni-N4 SACs. 

Species U0 (V/SHE) C (e/V) E0 (eV) 

bare -0.86 2.09 -887.21 

*CO2 0.14 2.33 -1048.59 

*OCO 0.26 1.92 -1046.20 

*COOH -0.35 3.32 -1055.60 

*OCHO 0.15 2.36 -1056.80 

*CO -0.35 2.62 -1032.01 

*H -0.71 3.89 -1008.10 

 

 

 



Table S3. Fitted parameters of the quadratic equation for the total energies of various CO2RR and 

HER species on Fe-N4 SAC. 

Species U0 (V/SHE) C (e/V) E0 (eV) 

bare -0.91 1.75 -892.14 

*CO2 0.42 1.91 -1053.70 

*COOH -0.46 2.86 -1060.90 

*CO -0.68 2.02 -1038.00 

*H -0.63 4.26 -898.43 

 

 

Table S4. The experimental results of electrocatalytic CO2RR on Ni-N4 and Fe-N4 SACs, 

including their onset-potential, maximum Faraday efficiency (FECO) and corresponding potential, 

and electrolyte. 

 Catalyst Onset-potential Maximum FECO Electrolyte 

Ni-N4 

Ni@NCH-80013 -0.50 V 72% -0.90 V 0.1 M KHCO3 

Ni@NC-80014 -0.50 V 93% -0.90 V 0.1 M KHCO3 

Ni SAs/N-C15 -0.57 V 71.9% -0.90 V 0.5 M KHCO3 

NiPor-CTF16 -0.55 V 97% -0.90 V 0.5 M KHCO3 

Ni-N4-C17 -0.48 V 99% -0.81 V 0.5 M KHCO3 

SE Ni SAs@PNC18 -0.50 V 96% -0.80 V 0.1 M KHCO3 

Ni SAs/NCNTs19 -0.56 V 97% -0.90 V 0.5 M KHCO3 

A-Ni-NG20 -0.50 V 97% -0.90 V 0.5 M KHCO3 

Ni-N-Gr21 -0.58 V 92% -0.90 V 0.1 M KHCO3 

Ni SAs/F-CPs22 -0.50 V 86% -0.90 V 0.5 M KHCO3 

Ni SAs/CFPs22 -0.50 V 96% -0.90 V 0.5 M KHCO3 

Ni-CNT-CC23 -0.50 V 99% -0.78 V 0.5 M KHCO3 

Ni-PANI24 N/A 85% -0.90 V 0.1 M KHCO3 

NiSA/PCFM25 N/A 88% -1.00 V 0.5 M KHCO3 



SA-Ni/N-CS26 N/A 91.5% -0.80 V 0.5 M KHCO3 

Ni@NCH  

(This work) 
-0.50 V 79.1% -0.90 V 0.1 M KHCO3 

Ni-N4-C*  

(This work) 
-0.54 V* N/A -0.93 V* N/A 

Fe-N4 

NFe-CNT/CNS27 -0.30 V 69% -0.59 V 0.1 M KHCO3 

Fe-N-C28 -0.30 V 95.3% -0.60 V 0.1 M KHCO3 

H-M (FeN4)29 -0.26 V 69% -0.56 V 0.1 M KHCO3 

FeN4/C30 -0.30 V 93% -0.60 V 0.1 M KHCO3 

FeSAs/PTF31 -0.11 V 67% -0.60 V 0.5 M KHCO3 

Fe-N-C32 -0.25 V 89% -0.59 V 0.1 M KHCO3 

Fe-NPCA33 -0.30 V 78% -0.60 V 0.1 M KHCO3 

Fe-N-C24 N/A 76% -0.61 V 0.1 M KHCO3 

Fe-N-C34 -0.29 V 93% -0.59 V 0.1 M KHCO3 

Fe@NCH  

(This work) 
-0.30 V 73.5% -0.60 V 0.1 M KHCO3 

Fe-N4-C*  

(This work) 
-0.27 V* N/A -0.61 V* N/A 

* represents the theoretical results calculated by DRM approach. 
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