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Computational details

Spin-polarized density functional theory (DFT) method was employed for all calculations using the
Perdew—Burke—Ernzerhof (PBE) functional in conjunction with the plane-wave projected augmented
wave (PAW) method as implemented in the Vienna ab initio simulation Package program (VASP).!"* A
plane-wave cutoff energy was set to be 400 eV for all calculations. The first Brillouin zone was sampled
using 3 x 3 x 1 k-points for fully relaxed geometry optimization until the maximal residual force was
converged to less than 0.02 eV/A. The vacuum space in the z-direction was set to be 20 A for preventing
the interaction between two neighboring periodic units. The empirical correction in Grimme’s scheme
was used to describe the van der Waals interaction. It should be noted that the DFT+U method
underestimates the intermediate adsorptions (especially for the *OH adsorption energy), which
contradicts to the actually strong interactions between transition-metal single-atom and intermediates.
Therefore, following the previous works with similar systems of TMNj3, active sites, we used DFT
method to study it.>”7 The calculation of Gibbs reaction free energy of the electrochemical elementary
steps was performed by using the computational hydrogen electrode (CHE) model developed by Nerskov
and co-workers.® 10 In this model, we set up reversible hydrogen electrode (RHE) as the reference
electrode. Using DFT method, it is extremely difficult to directly calculate the accurate energies of
charged species such as proton (H"), hydroxyl ion (OH"), and electrons (e”) involved in electrochemical
reactions. Under Py, =Py =1 bar, T =298.15 K, U=0V vs. RHE, the electrochemical hydrogen evolution
is in the thermodynamic equilibrium (H"(aq) + e~ <> 1/2H; (g)). This means that the free energy of proton-

electron pairs [H*(aq) + e7] is equal to the half free energy of H, [(Gpiaq) + (Ge.) =1/2(Gi2)].8
The Gibbs free energy change (AG) for each element step was calculated as follows,!!-13
AG = AE + AEzpg — TAS + AGy + AGpr (1)

where AE is the energy difference between the products and reactants; AEzpg and AS are the changes in
the zero-point energy and entropy, respectively. 7 is the room temperature (7= 298.15 K). The potential
effect on the free energy involving an electron in the electrode is taken into account by shifting the energy
of the state by AGy = -neU, where U is the electrode applied potential, e is the elementary charge and n
is the number of proton—electron pairs transferred. The equilibrium potential U, for HER at pH = 7 was
determined to be -0.41V vs SHE (standard hydrogen electrode) or 0 V vs RHE at 298.15 K according to
Nernst equation (E = E°- 0.059xpH).!3-17 AG,y is the free energy correction of pH and it was calculated

as AGpy = kgT x pH x In10 when the potential is referred to SHE, where kg is the Boltzmann constant.
The limiting potential (Up) was calculated via'®

U,=-AGn/e  (2)



where AGy.x 1s the free energy change of potential-determining step (PDS).
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The element reaction steps of HER/NRR in aqueous and acidic solution:
The *OH formation and reduction steps in aqueous solution (pH=7)

*+H,0 > *OH + H + e~ (AG+on)
*OH - * + OH™ — e~ (AG*oH-Red)

The HER pathway in acidic solution (pH=0)
*+H"+e — *H (AG+n)
*H — * + 1/2H, (172AG1p)

The HER pathway in aqueous solution (pH=7)
*+H,0 > *H+OH —e” (AGxp)

*H - * + 1/2H, (12AGsp2)

The NRR-*N, distal pathway in acidic solution (pH=0)

* 4+ N, = *N, (AG\2)
*N, + H" + ¢~ — *N,H (AGsx2m)
*N,H + H* + ¢~ — *NNH, (AG+\NH2)
* NNH, + H" + ¢~ — *N + NH; (g) (AG=\)
*N + H* + ¢ — *NH (AGsnm)
*NH + H" + e~ — *NH, (AGsnm2)
*NH, + H* + ¢~ — *NH; (AGs\m3)

*NH; —~ * + NH; (g)

The NRR-*N, distal pathway in aqueous solution (pH=7)

* 4+ N, = *N, (AGo2)
*N, + H,O — *N,H + OH — ¢~ (AGnon)
*N,H + H,O — *NNH, + OH - ¢~ (AGNNH2)
*NNH, + H,O — *N+NHj; (g) + OH — ¢~ (AGxy)
*N+ H,0 - *NH+OH — e (AG+\n)
*NH + H,0 — *NH, + OH — ¢~ (AGeNi)
*NH, + H,O — *NH; + OH - e~ (AGonm3)

*NH; =~ * + NH; (g)



The NRR-*H pathway in acidic solution (pH=0)
*+H" +e — *H

*H+ N, = *N,H

*N,H + H" + e~ — *NHNH

*NHNH + H" + e~ — *NHNH,

*NHNH, + H" + ¢~ — *NH,NH,

*NH,NH, + H" + ¢~ — *NH, + NH; (g)

*NH, + H" + ¢~ — *NH;

*NH; —~ *+ NH; (g)

The NRR-*H pathway in aqueous solution (pH=7)
*+H,0—> *H+OH —e”

*H+ N, =~ *N,H

*N,H + H,O — *NHNH + OH — ¢~

*NHNH + H,O — *NHNH, + OH — ¢~

*NHNH, + H,O — *NH,NH, + OH — ¢~
*NH,NH, + H,O — *NH, + NH; (g) + OH — ¢~
*NH, + H,O — *NH; + OH - e~

>!<NI‘I3 — ¥ 4 NH3 (g)

(AG+p)
(AGnon)
(AG+Nunn)
(AG+NaNH2)
(AG*NH2NH2)
(AG*\m2)
(AG+m3)

(AG+y)
(AGsn2m)
(AG+NHNR)
(AG+NHNH2)
(AG*NH2NH2)
(AGsni2)

(AG+Nw3)



Fig. S1 The optimized atomic structure of *OH for NiNj.



Fig. S2 The optimized atomic structure of *OH for CoNj.
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Fig. S3 Schematic illustrations of distal, alternating, consecutive, and enzymatic pathways of NRR.

For associative reaction mechanism, there are usually four different pathways (called as distal, alternating,
consecutive, and enzymatic patterns) depending on the binding mode of N, and the hydrogenation position
of N.1%-20 Specifically, in distal pathway, the N, has an end-on adsorption configuration on the catalyst,
and hydrogenation preferably takes place from the remote N atom, where the possible reaction
intermediates include *NNH, *NNH,, *N, *NH, *NH,, and *NHj. In alternating pathway, the N, also has
an end-on adsorption configuration on the catalyst, but hydrogenation starts alternately on two N atoms,
where the formations of *NNH, *NHNH, *NHNH,, *NH,NH,, *NH,, and *NH; intermediates are
possible. In consecutive pathway, the N, has a side-on adsorption configuration with both N atoms binding
to the catalyst and then undergoes distal hydrogenation steps to produce NHj. In enzymatic pathway, the
N, also has a side-on adsorption configuration and then undergoes alternate hydrogenation steps to

produce NHj.
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Fig. S4 The calculated free energy profiles of NRR on CoNj site with U=0 V through distal, alternating,
consecutive and enzymatic pathways. The light green region denotes the potential-determining step (PDS)
of four reaction pathways. It should be noted that in the enzymatic pathway, the *NH,NH, via the side-

on manner is unstable, as it would be optimized to the end-on configuration after full atomic relaxation.



Fig. S5 The optimized atom structures of various intermediates proceeded on CoNj along the NRR-*N,

distal pathway.
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Fig. S6 The optimized atom structures of various intermediates proceeded on CoNj; along the NRR-*N,

alternating pathway.
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Fig. S7 The free energy profile of NRR-*N, alternating pathway on CoNj; at pH=7 (a) and pH=0 (b).

The reference potential is set to be 0 V vs RHE.
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Fig. S8 The optimized atom structures of various intermediates proceeded on NiNj along the NRR-*H

pathway.
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