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Supplementary Note 1. General trend of the potential-dependent NH3 yield rate

Supplementary Table 1 | Summary of the reported catalysts for NRR at low temperature. The maximum yield rate, maximum faradaic efficiency (FE) and the electrode potential (U) at the maximum yield rate are shown.
	Catalyst
	Electrolyte
	NH3 yield
	FE (%)
	U vs. RHE 
(V)

	Rh nanosheet1
	0.1 M KOH
	23.88 μg h-1mgcat-1
	0.217
	-0.2

	(110)-oriented Mo2
	0.5 M H2SO4
	3.09 × 10−11 mol s-1 cm-2
	0.72
	-0.49

	Fe/Fe3O43
	0.1 M PBS
	0.19 μg cm−2 h−1
	8.29
	-0.3

	Ru NP4
	0.01 M HCl
	5.5 mg h-1 m-2
	5.4
	-0.1

	THH Au nanorods5
	0.1 M KOH
	1.648 µg h−1 cm−2
	4.02
	-0.2

	Ru@NC6
	0.1 M HCl
	3.665 mg h-1mgRu-1
	~ 9
	-0.21

	VN nanowire7
	0.1 M HCl
	2.48 × 10−10 mol s-1 cm-2
	3.58
	-0.3

	VN8
	0.05 M H2SO4
	3.3 × 10−10 mol s−1 cm−2
	6.0
	-0.2

	Mo2N9
	0.1 M HCl
	78.4 μg h-1 mgcat.-1
	4.5
	-0.3

	1T-MoS2 NDs/g-C3N410
	0.1 M HCl
	29.97 μg h-1 mgcat.-1
	20.48
	-0.3

	Fe-N/C-CNT11
	0.1 M KOH
	34.83 μg h−1 mgcat.−1
	9.28
	-0.2

	Fe-N-C12
	0.1 M KOH
	7.48 μg h-1 mg-1
	56.55
	0.0

	ISAS-Fe/NC13
	0.1 M PBS
	62.9 μg h−1 mgcat.−1
	18.6
	-0.40

	SA-Ag/NC14
	0.1 M HCl
	270.9 μg h-1 mg-1
	21.9
	-0.65

	Mo-doped FeS215
	0.1 M KOH
	26.15 μg h-1 mg-1
	14.41
	-0.2

	Defective TiO216
	0.5 M H2SO4
	3.0 μg h-1 mgcat.-1
	6.5
	-0.12

	ZIF-derived carbon17
	0.1 M KOH
	3.4 × 10−6 mol cm-2 h−1
	10.2
	-0.3

	B-doped graphene18
	0.05 M H2SO4
	9.8 μg h-1 cm-2
	10.8
	-0.5

	DrGO19
	0.1 M HCl
	7.3 μg h-1mg-1
	22.0
	-0.116






Supplementary Note 2. Effect of pH on barrier for proton-coupled electron transfer step.
The chemical potential of H+ is obtained from the CHE relation20,21.
 (1)
where the μ(H2) is equal to the Gibbs free energy of H2 gas at 1 bar.
When pH ≠ 0, we convert the SHE scale electrode potential into the RHE scale by
U (vs. RHE) = U (vs. SHE) + 0.059 pH (2)
Before proceeding the electrochemical reaction at the surface-electrolyte interface, the proton (H+) must be brought from somewhere in the bulk electrolyte to near the surface (Helmholtz plane). This step is known as a proton-shuttling step. The proton-shuttling accompanies fractional charge transfer and reaction energy. Thus, we chose reference state as * + H+(bulk) rather than * + H+(HP) in calculating ∆Ga‡(*H) and ∆G(*H), where the H+(bulk) and H+(HP) represent H+ in bulk electrolyte and H+ in Helmholtz plane, respectively20,22. In the cases of calculating ∆Ga‡(*NNH) and ∆G(*NNH), we chose *N2 + H+(bulk) as a reference state, where *N2 indicates adsorbed N2 (Supplementary Fig. 1).
In proton transfer reaction by H2O, the solvated H2O in the Helmholtz plane (HP) is considered as a reference state and a proton donor. The accurate calculation of solvation energy of OH- in implicit solvation model is still challenging23, and hence, we further correct the electronic energy of OH- 24. For electrochemical reaction of 2H2O + 2e- → H2(g) + 2OH- (bulk), we compare the calculated free energy with the experimentally determined free energy (2U + 1.652 eV at standard state). We considered solvated OH- above the 3 Å from the equilibrium position in the OH-(HP) as a OH-(OHP) (Supplementary Fig. 2). Previous study showed that the sum of the net charge of H2O layer including one OH- converges at -1 e-  when the electrolyte layer is apart from more than 2 Å from the equilibrium position in the HP25. Consequently, we correct -0.712 eV for solvated OH-. For estimating the activation energy in the CHE model, the activation energy obtained at the neutral state (net charge = 0) is used as a activation energy at 0 V (vs. SHE) at standard state. When the external potential is applied, we corrected the activation energy with 0.5 of symmetric factor.
[image: ]
[bookmark: _Ref60239421]Supplementary Fig. 1 | The optimized geometries of reaction intermediates. (a) *H formation and (b) *NNH formation. The H+(bulk) is omitted for clarity. The H+(HP), transferred to surface or adsorbate is highlighted in a yellow circle.
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[bookmark: _Ref60239429]Supplementary Fig. 2 | The optimized structures of solvated H2O and OH- to correct the OH- energy. The electrolyte layer is OH-(bulk) is apart from the OH-(HP) by 3 Å in c-axis.





Supplementary Note 3. Potential-dependent free energy diagram for NRR and HER on Fe@N4.
[image: figure-s-NRR diagram]
Supplementary Fig. 3 | Free energy diagram and reaction intermediates. (a) Free energy diagram of NRR on Fe@N4 obtained by the CHE model at 0 V. Free energy diagram obtained by the CHE model at (b) 0 V, (c) -0.5 V and (d) -1 V (vs. SHE). (e) The optimized geometries of reaction intermediates of NRR. Orange, blue, grey, and white balls represent Fe, N, C, and H atoms, respectively. In this calculation, the explicit water layer is not included. The explicit water layer is not included here.
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[bookmark: _Ref60239996]Supplementary Fig. 4 | Free energy diagram for HER under acidic condition. (a) *H formation from * + H+(bulk) and (b) H2(g) formation from *H + H+(bulk). The reference energy for ∆Ga‡(*H) and ∆G(*H) is G of * + H+(bulk).
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[bookmark: _Ref60240003]Supplementary Fig. 5 | Free energy diagram of HER (acidic condition) at 0 V on Fe@N4 obtained by the CHE model. The transition states of the Volmer and the Heyrovsky are omitted since these reactions proceed without barrier in the CHE model.





Based on the free energy diagram obtained by the CEP model, the proton shuttling reaction (H+(bulk) → H+(HP)) is exothermic (Supplementary Fig. 4). However, the proton shuttling step is highly endothermic in the CHE model. The H+(HP) is in ionic state, and hence, the electronic energy of H+(HP) obtained by the CHE model (in neutral state) is highly unstable (Supplementary Fig. 5). We find a saddle point in interface reaction between H+(HP) and * (or *H) in the CEP model. However, the interface reaction proceed without barrier in the CHE model since the instability of H+(HP). Thus, the RDS of HER in the CHE model is proton shuttling step rather than interface reaction.

[image: ]
Supplementary Fig. 6 | Free energy diagram for *NNH formation under acidic condition. The reference state for ∆Ga‡(*NNH) and ∆G(*NNH) is *N2 + H+(bulk).
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Supplementary Fig. 7 | Free energy diagram for HER on Fe@N4 under alkaline condition. Free energy diagram obtained by (a) the CHE model and (b) the CEP model. All energies and U are in RHE scale at pH = 13.
















Supplementary Note 4. Potential-dependent ∆∆G and ∆∆Ga‡.
The ∆Ga‡(*NNH) - ∆Ga‡(*H) and ∆G(*NNH) - ∆G(*H) increases with more negative potential (Supplementary Fig. 8 and Supplementary Fig. 9). This result indicates that the difference between reaction rates of NRR (rNRR) and that of HER (rHER) would increase with more negative potential. The decrease of relative rNRR compared to rHER thus also contributes to the decrease in faradaic efficiency with more negative potential, in addition to decreasing N2 coverage.

[image: ]
[bookmark: _Ref60240160]Supplementary Fig. 8 | Potential-dependent changes in ∆∆G and ∆∆Ga‡ under acidic condition.  Changes in (a) ∆G(*N2) - ∆Ga‡(*H) and ∆G(*N2) - ∆G(*H) and (b) ∆Ga‡(*NNH) - ∆Ga‡(*H) and ∆G(*NNH) - ∆G(*H) by U under acidic condition. Solvated H3O+ is used as a proton donor.
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[bookmark: _Ref60240064]Supplementary Fig. 9 | Potential-dependent changes in ∆∆G and ∆∆Ga‡ under alkaline condition. Changes in (a) ∆G(*N2) - ∆Ga‡(*H) and ∆G(*N2) - ∆G(*H) by U and (b) Changes in ∆Ga‡(*NNH) - ∆Ga‡(*H) and ∆G(*NNH) - ∆G(*H) by U under alkaline condition. All energies and U are in RHE scale at pH = 13. H2O is used as a proton donor for obtaining activation energy.



























Supplementary Note 5. Microkinetic Modeling
[bookmark: _GoBack]In Wang et al.12 electrochemical ammonia synthesis performed with Fe-N-C where Fe is a single atom site. The synthesis is performed in an N2 gas flow and water batch system, where N2 gas is bubbled in 30 mL liquid, and the excess pressure in the gas is flown out of the system for sampling. To model this system, we set up the reactor as a mix of a continuous stirred tank reactor (CSTR) and a batch reactor. The gas is simulated in a CSTR which is in contact with the liquid in the batch reactor as shown in Supplementary Fig. 10. In the synthesis, 1 mg of the catalyst is with 1.09 wt% Fe. We assumed that each Fe atom is a single atom catalyst as evidenced by high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image. The reaction is performed at 298 K with the N2 gas velocity of 1 cm3/s and 1 bar of pressure at pH = 13 as in the experiment. The volume of the gas compartment (CSTR) is 10 mL. The synthesized ammonia is set to accumulate in liquid, the chemical potential of which is calculated using the vapor pressure of ammonia and ammonia gas energetics calculated using DFT. The list of species and reactions are shown in Supplementary Table 2 and Supplementary Table 3. We also included the water autoionization reaction with a rate constant of 2.4 × 10-2 mol m-3 s-1. We compute the yield following the procedure described in Wang et al12. For Lü et al.13, we also assume that every Fe in Fe/NC is a single atom catalytic site as HAADF-STEM image suggests. For the electrochemical measurement, 4.2 wt% Fe 1 mg catalyst is loaded to 1 cm2 carbon paper. Here, H-type electrochemical cell is used where the configuration can be assumed the same as in Supplementary Fig. 10. The reaction is performed at 298 K and pH = 7.2, with continuously fed1 bar N2. We assumed that the gas and liquid control volumes are the same as it was not specified. Since the NRR measurement under the acidic condition has not been reported, we use same reaction conditions reported by Wang et al.12 for acidic conditions, but the proton donor and pH are changed into H3O+ and 0, respectively.

[image: ]
[bookmark: _Ref60504404]Supplementary Fig. 10 | The reactor system of the microkinetic model. Each box represents the control volume.

[bookmark: _Ref60504420]Supplementary Table 2 | List of species in the microkinetic model
	Species
	Phase

	H2(g)
	gas

	N2(g)
	gas

	H+(aq)
	liquid

	*NH3(aq)
	liquid

	*H
	surface

	*N2
	surface

	*NNH
	surface

	*NHNH
	surface

	*NHNH2
	surface

	*NH2NH2
	surface

	*NH2
	surface

	*NH3
	surface

	*
	surface



[bookmark: _Ref60504424]Supplementary Table 3 | List of reactions in the microkinetic model
	Reactions

	H2O(l)  → H+(aq) + OH-(aq)
H2O(l) + e- + * → *H + OH-(aq)

	H2O(l) + e- + *H → H2(g) + * + OH-(aq)

	N2(g) + e- + * → *N2

	H2O(l) + e- + *N2 → *NNH + OH-(aq)

	H2O(l) + e- + *NNH → *NHNH + OH-(aq)

	H2O(l) + e- + *NHNH → *NHNH2 + OH-(aq)

	H2O(l) + e- + *NHNH2 → *NH2NH2 + OH- (aq)

	H2O(l) + e- + *NH2NH2 → *NH2 + NH3(aq) + OH-(aq)

	H2O(l) + e- + *NH2 → *NH3 + OH-(aq)

	*NH3 → NH3(aq)+*




We compute the reaction constants using the transition state theory and thermodynamic equilibrium:

	
	


	(3)



where kf,i, and kr,i are the forward and reverse reaction constant of reaction i, Ki is the equilibrium constant of reaction i, kb is the Boltzmann constant, T is the temperature, h is the Planck constant  is the Gibbs free energy of activation for reaction i, and ∆rGi is the Gibbs free energy of reaction for reaction i. For the reactions where we have not computed transition sate, we assumed that the  is 0 for exothermic reactions, and ∆rGi for endothermic reactions. The rate is computed using the law of mass action and normalized to the surface site density:

	
	
	(4)



The ordinary differential equations (ODEs) are set up following the implementation of CHEMKIN26 for CSTR (gas), batch (liquid) and surface species. We solved ODEs using MatLab software.













Supplementary Table 4 | Summary of Ucross, U at maximum  and U at maximum NH3 yield rate obtained on Fe@N4 by the CEP model and MKM simulations.
	pH
	Ucross
(V vs. RHE)
	U at maximum 
(V vs. RHE)
	U at maximum NH3 yield rate  
(V vs. RHE)

	13
	-0.15
	-0.15
	-0.25

	7.2
	-0.15
	-0.45
	-0.58

	0
	-0.15
	-0.20
	-0.25




































Supplementary Note 6. Calculation of  and slope
The ∆G and  at U = 0, -0.5, -1 V (vs. SHE)  are used to obtain the calculated slope and , respectively. Here, we use the number of electrons added (or extracted) to the slab model to tune the potential (or workfunction) of the slab surface as . The charge neutrality is kept by ionic countercharges via the linearized Poisson-Boltzmann equation.
We tested the effect of explicit water on ∆G and  for *NNH and *H formation. The ∆G does not change significantly by explicit water (Supplementary Fig. 11a). Thus, the explicit water layer is not included in estimating the free energy diagram for NRR on Fe@N4. We also found that the  does not change by explicit water significantly (< 0.05 e-) (Supplementary Fig. 11b). Hence, the explicit water layer is not included in calculating ∆G, slope and  on Fe(110), Ru(0001), Rh(111), Fe@N3, Ru@NC2, Ru@N3 and Ag@N4. The  and slope are obtained by using ∆G and  at 0 V, -0.5 V, -1 V (vs. SHE).

[image: ]
[bookmark: _Ref60240071]Supplementary Fig. 11 | Effect of explicit water on ∆G and . Change of (a) ∆G and (b)  on Fe@N4 with or without explicit water (acidic).

[image: figure-test]
Supplementary Fig. 12 | The top-view of the optimized structures for *H, *N2 and *NNH on Fe(110), Ru(0001), Rh(111), Fe@N3, Ru@NC2, and Ru@N3. On the metal surfaces, top site adsorption is considered for *N2 and *NNH, while the hollow-site is considered for *H.
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