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ABSTRACT 
 
The electrochemical nitrogen reduction reaction (NRR) is a promising alternative to the 

Haber-Bosch process with the potential for producing ammonia (NH3) at ambient 

temperatures and pressures. Molybdenum disulfide (MoS2), a layered transition-metal 

dichalcogenide, has attracted interest as an NRR electrocatalyst, but it possesses only a 

limited number of NRR-active sites and, furthermore, displays poor NRR selectivity due to 

the more favorable thermodynamics of the competing hydrogen evolution reaction 

(HER). To overcome these two challenges, we dope monolayer (ML) MoS2 with iron (Fe) 

and employ density functional theory (DFT) calculations to investigate the nature of NRR-
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active defects and alternative reaction mechanisms. We show that Fe-doping can modify 

the structure of edges of MoS2 MLs and assist in the formation of sulfur vacancy defects, 

which, in some cases, can selectively bind N2 over protons. In a departure from current 

approaches to modeling NRR, we carefully consider the role of co-adsorbed H atoms, both 

at and in the vicinity of adsorption sites, and show how these competing adsorbates can 

profoundly affect both the preferred NRR pathways and their energetics. Our DFT studies 

reveal that a single sulfur vacancy on Fe-doped sulfur edges (50% S-coverage) can 

selectively reduce N2 to NH3 via a hitherto unexplored H-mediated enzymatic NRR 

pathway at moderate cathodic limiting potentials of 0.42 V. Our proposed H-mediated 

enzymatic NRR pathway shows that co-adsorbed H atoms can assist indirectly in the 

reduction of N2 prior to the eventual evolution of H2(g). Our results suggest that Fe-doping 

of MoS2 MLs is a promising approach for producing catalytic edge sites that are both 

active and selective for NRR at moderate potentials. 
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1. INTRODUCTION 
 

Ammonia (NH3) is an important raw material for the chemical industry and a promising 

carbon-free fuel for fuel cells. Currently, the Haber-Bosch process is the standard 

approach for producing NH3 from N2 and H2 over iron or ruthenium-based catalysts.1,2 

However, the Haber-Bosch process is energy-intensive, requires very high temperature 

(400°C-500°C) and pressure (~60 bar), and also generates an enormous amount of CO2 

and other greenhouse gases.3 This high energy footprint of the Haber-Bosch process has 

motivated interest in electrochemical approaches for nitrogen reduction that can 

produce NH3 at ambient temperature and pressure from electricity generated by 

renewable sources of energy. However, the lack of suitable electrocatalysts for the 

electrochemical nitrogen reduction reaction (NRR) presents an impediment to the 

widespread adoption of this approach. There are two major challenges in the design of 

NRR electrocatalysts: firstly, the N2 molecule is difficult to activate owing to the highly 

stable N≡N triple bond and, secondly, the NRR overpotential is larger than the competing 

hydrogen evolution reaction (HER) overpotential, which results in low NRR selectivity, 

especially in aqueous electrolytes.4–6  

In nature, atmospheric N2 fixation happens under ambient conditions on the 

nitrogenase enzyme in cyanobacteria, where the iron-molybdenum cofactor (FeMoco) is 

the active site for N2 reduction.7,8 To replicate FeMoco-like active sites in heterogeneous 

catalysts, several studies have explored Fe and Mo based catalysts like FeS2,9–11 FeS,12, 

and MoS2.12–16  In particular, MoS2, a two-dimensional layered transition-metal 

dichalcogenide (TMD), has attracted much attention as a potential NRR catalyst. The 
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availability of NRR active edge sites, large catalytic surface area, high thermodynamic 

stability, and conductive nature of edges makes MoS2 a promising catalyst for NRR.13,14  

 

In the ground state, MoS2 occurs in the semiconducting 2H phase. (Henceforth, we 

use MoS2 generically to imply 2H-MoS2.) Adsorption sites on MoS2 monolayers (MLs) are 

available on the basal plane and edges (Figure 1). MoS2 edges can be of two types—Mo-

edges and S-edges—each with either partial or full sulfur coverage (edge termination). In 

ML MoS2, the defect-rich basal plane and edges with low sulfur coverage typically expose 

under-coordinated Mo atoms that show excellent catalytic activity towards NRR.13–15,17 

Defect-free MoS2 basal planes and edges with high sulfur coverage, on the other hand, 

are normally inert towards NRR because of the lack of exposed metal sites, leading to 

highly unfavorable adsorption thermodynamics of N2 and other reaction intermediates.  

In MoS2 MLs, the basal planes, which constitute most of the exposed surface area, are 

inert and the active sites are limited to the edges. Introducing defects (like sulfur 

vacancies) or heteroatom dopants, and exposing more edges in the catalyst (e.g., through 

nano-structuring) can improve the activity of MoS2 MLs. For example, density functional 

theory (DFT) studies have suggested anchoring single-atom catalysts and nanoclusters of 

 
Figure 1. DFT models of (a) the MoS2 ML, (b) defect-free MoS2 ML basal plane, and (c) 
Mo-edge and S-edge of MoS2 ML. 
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transition-metal atoms, like Sc, Ti, Mo, Fe, Re, Zr, and Hf on defect-free and defect-rich 

MoS2 ML to achieve better NRR selectivity and smaller NRR overpotential.16,18–23 Zhang et 

al.24 showed that substitutional doping with cobalt (Co) reduces the NRR overpotential 

and increases NRR selectivity of S-deficient MoS2-x nanoflowers. Zeng et al.25,26 used Co 

and nitrogen (N) dopants to improve the NRR activity of MoS2 nanoflowers. Despite this 

progress, the key issues of large NRR overpotential and low NRR selectivity for MoS2 MLs 

remain open. To overcome these challenges, we need several under-coordinated metal-

atom and S-vacancy sites on MoS2 that can interact strongly with the inert N2, so that 

electrochemical activation (or splitting) of the N≡N triple bond becomes more facile at 

low overpotentials.13,15 However, these desirable active sites for NRR are also active for 

the competing HER at smaller overpotentials, which results in low NRR selectivity.4,27,28 

Therefore, for high NRR selectivity, we need to engineer active sites that either suppress 

HER or, minimally, allow for NRR at lower cathodic potentials than HER.  

In this work, we employ DFT calculations to investigate comprehensively NRR on 

defect-rich iron (Fe) doped MoS2 MLs. We chose Fe-doped MoS2 because recent 

experiments reported significant improvement in HER and NRR catalytic activity of MoS2 

after Fe-doping, 22,29,30 although the mechanisms remain unclear. The remainder of this 

article is organized as follows. First, we characterize comprehensively the structure of Fe-

doped MoS2 ML edges based on thermodynamic considerations of edge formation 

energies. We calculate a phase diagram to determine the low-energy Fe-doped edge 

structures and show that Fe-doped edges of MoS2 MLs are more stable than undoped 

MoS2 edges. Thereafter, we study the energetics of introducing S-vacancy defects in these 
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low-energy, Fe-doped edges, and identify defect sites that can selectively bind N2 over 

protons to reduce N2 to NH3 at a low cathodic limiting potential. Finally, we study the 

reaction thermodynamics of NRR on selected Fe-doped edges and propose a new “H-

mediated enzymatic pathway” in which co-adsorbed H atoms can participate in stabilizing 

NRR intermediates before eventually leaving the edge as H2(g). Overall, our work provides 

important insights into how and why Fe-doped MoS2 displays higher NRR selectivity 

compared to undoped MoS2, as reported in recent experiments,22,29 and also underscores 

the importance of both cooperative and competing effects of protons in NRR.   

 

2. COMPUTATIONAL METHODS 

DFT calculations were performed using the Vienna Ab initio Simulation Package (VASP; 

version 5.4.1),31,32 with spin-polarization to account for unpaired electrons of Fe dopant 

atoms. The projector-augmented wave (PAW) method was used to describe the core and 

valence electrons,33,34 along with the Perdew-Burke-Ernzerhof (PBE) generalized gradient 

approximation (GGA) to describe electron exchange and correlation.35 From convergence 

tests, the plane-wave cutoff energy was set to 400 eV and Gaussian smearing of 0.05 eV 

was chosen for integrations over the Brillouin zone. Structural optimization (atomic 

relaxation) was performed using the conjugate-gradient algorithm with a Hellman-

Feynman force tolerance of 0.01 eV/Å. The MoS2 ML basal plane (Figure 1(b)) was 

modeled using a 6 × 6 supercell with periodic boundary conditions (PBCs) applied within 

the plane of ML, and a vacuum region of 15 Å (chosen from convergence studies) was 

inserted normal to the plane to prevent interaction between the periodic images of the 
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basal plane. The Brillouin zone was sampled using a 2 × 2 × 1 Γ-centered k-point mesh. 

Edge formation energies were calculated using triangular nanoflake models of MoS2 MLs 

in which all three edges are identical, by construction (Figure S1).39–41  Vacuum of 15 Å 

was inserted in all three Cartesian directions in these models; and a 1 × 1 × 1 Γ-point mesh 

was used. Similar to prior studies,36–39 a nanoribbon model was used to study adsorption 

and reaction thermodynamics at edges of MoS2 MLs (Figure 1(c)). The nanoribbon models 

were built using a 4 × 6 supercell of MoS2 ML with PBCs applied along the longer in-plane 

direction (six unit cells); 15 Å of vacuum was inserted along the other in-plane direction 

(four unit cells), as well as in the direction normal to the basal plane, to minimize 

interactions between periodic images of the nanoribbon. A 1 × 2 × 1 Γ-centered k-point 

mesh was used to sample the Brillouin zones of the nanoribbons. It should be noted that 

the two parallel edges of the nanoribbon model represent two distinct MoS2 edges—the 

Mo-edge and the S-edge. Thus, any edge formation energies calculated using a 

nanoribbon model will necessarily average over both dissimilar edges unlike the 

nanoflake model, which can be constructed to have only a single type of edge, allowing 

for unambiguous determination of the energy of that specific type of edge.39 Dispersion 

interactions between atoms were modeled using the DFT-D3 method of Grimme et al.42 

The PBE (with DFT-D3) lattice parameter for an MoS2 ML is 3.17 Å, which is close to the 

measured in-plane lattice parameter of bulk MoS2 (3.16 Å 43). The zero-point energy, 

defined as "#$% = ∑ ℏ)** 2⁄  (where ℏ is the reduced Planck’s constant and )*  is the 

atomic vibrational frequency), was calculated by displacing each atom from the 

equilibrium position by ±0.015	Å in all three Cartesian directions and diagonalizing the 
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mass-weighted Hessian matrix to determine the vibrational frequencies )*. From )*, the 

vibrational entropy, Svib, was estimated as,44  

45*6 = 78 ∑ 9− ln =1 − >
?
ℏ@A
BCDE +

ℏGA HCI⁄

J
ℏ@A
BCD	?	K

LM
*NK                                            (1)  

where kB is the Boltzmann constant, T is the temperature (here, T=300 K), and N is the 

total number of vibrational modes. The standard entropy of gas-phase N2, NH3, H2, and 

H2S molecules were obtained from the NIST database.45 

 

3. RESULTS AND DISCUSSION  
 

3.1 Structure of Fe-doped Edges in MoS2 MLs  

First, we analyze MoS2 edges, which usually display active sites for electrochemical 

reactions. To determine thermodynamically-favored edges of Fe-doped MoS2 ML, we 

calculated the edge formation energy (O), as a function of change in the chemical 

potential of sulfur relative to its bulk phase (∆QR = QR−QR,6TUH), using a triangular flake 

model of MoS2 ML with three identical sides (or edges) of length V (Figure 2(a)).40,41 Details 

of the edge formation energy calculations are described in the SI. 

For the undoped MoS2 ML, previous studies have typically used Mo-edges with 100% 

(Mo100) and 50% (Mo50) sulfur coverage, and S-edges with 100% (S100) sulfur 

coverage.41,46,47 Besides these edges, for the Fe-doped MoS2 ML, we also studied the Mo-

edge with 0% sulfur coverage (Mo0) and S-edges with 75% (S75) and 50% (S50) sulfur 

coverage (Figure S2). To understand better the effect of Fe-doping and dopant clustering 

on the structure and thermodynamic stability of these edges, we considered the 
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substitution of one, two, and all Mo atoms at the edge termination with Fe dopants.21 In 

Figure 2(b), we display the edge formation energies of the aforementioned edges in 

undoped and Fe-doped MoS2 ML as a function of ∆QR; Figure 2(c) displays the DFT-

optimized structures of the four lowest-energy edges along with one additional edge 

(FullFe-S50) that is slightly higher in energy but important for the discussion that follows 

later in this article. As seen from Figure 2(b), by decreasing ∆QR, we move from the S-rich 

region to the Fe-rich region and alter the thermodynamic preference of the edge 

terminations. Close to the S-rich region (−0.03	eV < ∆QR < 0 eV), the Mo100 edge with 

 

Figure 2. (a) Schematic of a triangular flake model of MoS2 ML with side length V	;	the 
edges displayed are undoped Mo-edges with 50% S-coverage (Mo50). (b) Edge 
formation energy of select edges of undoped and Fe-doped MoS2 as a function of 
change in chemical potential of sulfur. (c) Optimized structures of thermodynamically 
favored S-edges and Mo-edges of Fe-doped MoS2 ML. Blue, yellow, and violet-gray 
spheres indicate Fe, S, and Mo atoms, respectively. 
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one Fe dopant (1Fe-Mo100) is the thermodynamically preferred edge. Thereafter, within 

a large window (−0.48	eV < ∆QR < −0.03	eV), the S100 edge with one Fe-dopant (1Fe-

S100) is favored. The Mo50 edge with 1Fe dopant (1Fe-Mo50) is energetically preferred 

within a small window of −0.51	eV < ∆QR < −0.48	eV, after which the fully doped S75 

edge (FullFe-S75) becomes the most dominant edge within a broad window of  

−0.77	eV < ∆QR < −0.51	eV. It is noteworthy that all low-energy edges are seen to be 

Fe-doped, with pristine MoS2 edges being much higher in energy. Given that it is desirable 

to stabilize edges with low sulfur coverage (below 50%) so that metal atoms at the edges 

become available for N2 adsorption, we conclude that the sulfur chemical potential should 

be maintained at a low value ( ∆QR < −0.5	eV) to promote the formation of FullFe-S75 

and 1Fe-Mo50 edges. It is also worth noting that the FullFe-S50 edge, which has even 

lower sulfur coverage, is very close in energy to the FullFe-S75 edge towards the Fe-rich 

regime (Figure 2(b)) and it may be possible to stabilize this edge during growth or produce 

this structure post-growth (e.g., by electrochemical etching). This reasoning is consistent 

with the results of Hong et al. 48 who studied full Fe-doped S-edges with 75% (FullFe-S75) 

and 50% (FullFe-S50) sulfur coverage for CO2 reduction because of their similar 

thermodynamic stability. 

 

3.2 N2 and H Adsorption on Defect-Free Fe-doped MoS2 ML Edges 

Having ascertained the relevant low-energy edge terminations, we now examine the 

energetics of N2 and H adsorption on all five selected Fe-doped MoS2 ML edges. On 

defect-free edges, only sulfur sites are available for N2 and H adsorption at the edges  
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(Figure 3(a)). We define the free energy of N2 (∆_M`) and H adsorption (∆_a) on these 

sulfur edge sites as follows, 

 

∆_M` = ("cdeM` − "M` − "cd) + ∆"#$% − f∆4,    (2) 

∆_a = ("cdea − 0.5 × "a` − "cd) + ∆"#$% − f∆4,   (3) 

 

 
 
Figure 3. (a) Structures of Fe-doped MoS2 ML edges: red spheres show the most 
favorable site (S atom) for H adsorption, and N2 adsorption on Fe-doped MoS2 ML 
edges; the green sphere on FullFe-S75 shows the most favorable site (S atom) for DSR; 
DSR on 1Fe-Mo100, 1Fe-S100, 1Fe-Mo50 and FullFe-S50 is most favorable at the H 
adsorption sites (red spheres). Gold, violet-grey, and yellow/red/green spheres 
represent the Fe, Mo, and S atoms, respectively. b) Free energy of H adsorption and 
N2 adsorption at S atom sites on Fe-doped MoS2 ML edges. (c) Free energy of DSR on 
all five selected Fe-doped MoS2 ML edges and their respective undoped counterparts. 
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where, "cd, "cdeM`,	"cdea, "M`, and "a`  are the 0K DFT energies of a clean ML, an ML 

with an adsorbed N2 molecule, an ML with an adsorbed H atom, the isolated N2 gas 

molecule, and the isolated H2 gas molecule, respectively. ∆"#$%  is the difference in zero-

point energies of an ML with an adsorbed N2 molecule/H atom and the reactants (clean 

ML and	hi	(j) or 1/2mi	(j)) while ∆4 is the corresponding difference in vibrational 

entropies. The temperature, T, is taken to be 300 K.  

It is important to note that N2 adsorption on the catalyst surface is a non-faradaic step, 

while H adsorption is a faradaic step. Hence, it is not possible to control N2 adsorption 

thermodynamics during NRR with the applied cathodic potential.49 Therefore, for efficient 

NRR and N≡N triple bond activation, the first step of N2 adsorption should be 

thermodynamically favorable (∆_M` ≤ 0) and preferred over H adsorption (∆_M`<	∆_a) 

to achieve NRR selectivity. However, from Figure 3(b), we find that N2 adsorption at S 

atoms is consistently, and unsurprisingly, thermodynamically unfavorable with 

∆_M`~	0.3 − 0.6	eV, while the competing H adsorption (or HER) is consistently lower in 

energy and even exergonic in a few cases. Hence, we conclude that defect-free Fe-doped 

MoS2 ML edges are not suited for NRR and only HER might occur in some instances.  

 

3.3 Activation of Fe-doped MoS2 ML Edges 

Previous studies have shown that introducing defects in MoS2 ML significantly improves 

the catalytic activity of MoS2 ML for NRR.13–15,17 Recently, Nørskov and coworkers50 

showed that active sulfur vacancies can be produced via the desulfurization reaction 
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(DSR) at large cathodic overpotentials. Specifically, DSR (Equation 4) proceeds in two 

steps (Equations 5 and 6):   

 

where 4	∗  represents the reacting S atom from MoS2 and VS is the S vacancy site created 

after DSR. We note that Equation 5 is also the Volmer step of HER and so, DSR and HER 

are competing processes at the S atom site on MoS2.50 Once isolated sulfur vacancies or 

vacancy clusters are produced via DSR, the transition-metal atoms become accessible to 

reacting species and provide catalytic sites that are potentially more active and/or 

selective than pristine edges. Hence, for the activation of Fe-doped MoS2 ML edges, it is 

necessary to understand the thermodynamics of DSR.  

We investigated the thermodynamics of DSR to create a single VS site on Fe-doped MoS2 

ML edges and compared these results with the respective undoped edge case. Details of 

the free-energy calculations for DSR on MoS2 edges, are described in the SI. We show the 

results of ∆_rRs  calculations of undoped and Fe-doped MoS2 ML edges in Figure 3(c). On 

all Fe-doped MoS2 ML edges (except the 1Fe-Mo100 edge), ∆_rRs  is smaller than the 

respective undoped MoS2 ML edges. Smaller values of ∆_rRs  suggest that DSR is 

thermodynamically more favorable on Fe-doped MoS2 ML edges than on undoped MoS2 

ML edges. This finding is consistent with our previous studies of DSR on MoSe2 (a layered 

TMD with MoS2 like crystal structure), where we found that DSR is more facile on 

4	∗ 	 + 2(me + >?) → 	uR	 +	mi4(j)    (4) 

4	∗ 	 + (me + >?) → 	 4m	∗ 	     (5) 

4	∗ m	 + (me + >?) → 	uR	 +	mi4(j)    (6) 
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transition-metal doped MoSe2 ML than on undoped MoSe2 ML.51,52 Negative ∆_rRs  for 

the 1Fe-S100 case indicates that the formation of the sulfur vacancy is spontaneous. On 

1Fe-Mo100 and 1Fe-Mo50 edges, ∆_rRs  is +0.18 eV and +0.13 eV, respectively, which 

suggests that VS formation can be accomplished at low cathodic potentials. FullFe-S75 

and FullFe-S50 edges, on the other hand, have larger ∆_rRs   of +0.44 eV and +1.26 eV, 

respectively, requiring larger cathodic potentials for electrochemical etching.  

3.4 N2 and H Adsorption on Defective Fe-doped MoS2 ML Edges 

A single VS site (on 1Fe-Mo100, 1Fe-S100, 1Fe-Mo50 or FullFe-S75), is less suitable for N2 

adsorption (∆_M`  > +0.45 eV), as seen in Figure 4, similarly to sulfur atoms on defect-free 

Fe-doped MoS2 ML edges. On the other hand, VS sites on the FullFe-S50 edge (VS@FullFe-

S50) with two exposed undercoordinated Fe-atoms show favorable thermodynamics for 

 

Figure 4. Free energies of H adsorption and N2 adsorption on defect-rich Fe-doped 
MoS2 ML edges. Structural models display the top view of the VS@1Fe-Mo100, 
VS@1Fe-S100, VS@1Fe-Mo50, VS@FullFe-S75, VS@FullFe-S50, VS@1Fe-S50 and 
2VS@1Fe-Mo50 edges. Blue, violet-grey, and yellow spheres represent the Fe, Mo, 
and S atoms, respectively. 
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N2 adsorption with ∆_M` ≈ 0. However, undesirable H adsorption is still 

thermodynamically more favorable than N2 adsorption (∆_a < ∆_M`) at all VS sites on 

these five selected Fe-doped edges. Thus, except for the VS@FullFe-S50 case, we conclude 

that a single Vs site is insufficient to activate Fe-doped edges, and Vs clusters might be 

required to reduce the sulfur coverage below 50% and expose additional 

undercoordinated metal atoms. This could potentially be achieved by sustained 

electrochemical etching (multiple cycles of DSR) to introduce Vs clusters along the Fe-

doped edges. Specifically, on the two most dominant edges of Fe-doped MoS2 ML—1Fe-

S100 and FullFe-S75 (Figure 2(b))—one may envision reducing sulfur coverage, post-

synthesis, by DSR to ≤50%, resulting in edges with exposed metal atoms (VS@1Fe-S50 

and VS@FullFe-S50 in Figure 4). Also, removing two S atoms from 1Fe-Mo50 via multiple 

cycles of DSR will expose both Fe and Mo atoms and generate the 2VS@1Fe-Mo50 site 

(Figure 4). However, it should be noted that the formation of VS clusters on Fe-doped 

edges will require large cathodic potentials, because DSR thermodynamics (∆_rRs  ≥ 1 

eV) becomes less favorable on Fe-doped edges after the formation of the first single VS 

site (Figure S3). Large ∆_rRs  values also imply that under moderate cathodic potentials, 

DSR will not compete with HER and NRR at defect-rich Fe-doped MoS2 edges. Hence, from 

this point forward we will only study HER and NRR on defect-rich Fe-doped MoS2 edges.  

 

From Figure 4, we note that ∆_M` < 0 and ∆_M` < ∆_a at both VS@1Fe-S50 and 

2VS@1Fe-Mo50 sites and thus, these two sites will selectively adsorb N2. For the 

VS@FullFe-S50 edge, N2 adsorption is nearly thermoneutral, although H adsorption is still 
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preferred. In short, our calculations show that Fe-doped edges can indeed host defects or 

defect clusters that preferentially adsorb N2 and this might explain the increased NRR 

selectivity of Fe-doped MoS2 ML observed in recent experiments.22,29  Going forward, for 

further investigation of NRR on Fe-doped MoS2 ML edges, we only consider VS@1Fe-S50, 

VS@FullFe-S50, and 2VS@1Fe-Mo50 sites because these three sites display exergonic (or 

nearly thermoneutral) N2 adsorption among all adsorption sites on Fe-doped MoS2 ML 

edges that we considered here.49 Parenthetically, we also investigated the Fe-doped MoS2 

ML basal plane, for completeness, and found that ∆_M` > +0.75	eV and ∆_M` > ∆_a on 

all S atom and VS sites (Figure S4) which means that N2 adsorption is not favorable and 

only HER will occur on the Fe-doped MoS2 basal plane.  

 

3.5 NRR Mechanisms on Fe-doped MoS2 ML Edges  

In the literature,15,53,54 it is generally assumed that electrochemical NRR [N2(g) + 6(H+ + e-) 

à 2NH3(g)] on the catalyst surface occurs through the associative mechanism via distal, 

alternating, or enzymatic pathway (Figure 5). However, as discussed above, at most 

adsorption sites on the Fe-doped MoS2 ML, H adsorption is thermodynamically more 

favorable than N2 adsorption. Also, previous studies report that the NRR overpotential is 

generally larger than the HER overpotential.4,5 Thus, it is reasonable to expect that during 

NRR on Fe-doped MoS2, H atoms are co-adsorbed both at and in the vicinity of the 

adsorption site. Hence, apart from studying the conventional distal, alternating, and 

enzymatic pathways for NRR, we also chose to explore these (and closely related) 

pathways in the presence of co-adsorbed H atoms.  
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3.5.1 H-Mediated Enzymatic NRR Pathway on 1Fe-S50 Edge 

We investigated NRR at the sulfur vacancy site on the 1Fe-S50 edge (VS@1Fe-S50), which 

selectively binds N2 (∆_M` = −0.33	eV; Figure 6). At the VS@1Fe-S50 site, N2 adsorption 

is side-on; therefore as per Figure 5, NRR is expected to proceed via the enzymatic 

pathway (Figure S7 and S8).15,53,54 However, instead of subsequent direct protonation of 

the adsorbed N2 molecule, we find that it is thermodynamically favorable to first co-

adsorb three H atoms sequentially at neighboring Fe, S (adjacent to the Fe dopant), and 

Mo atoms to form *N2+*H, *N2+2*H, and *N2+3*H (Figure S7 and S8). The three initial H 

co-adsorption steps are still thermodynamically uphill (Figure 6). Thereafter, *N2 (+3*H) 

is easily reduced to *N2H (+3*H) intermediate with ∆G = -0.02 eV. It should be noted that 

the alternative step, resulting in the formation of *N2+4*H with ΔG ≈ 0 (Figure S7 and 

S8) may be considered equally likely to within the accuracy of the calculation (~20 meV). 

 
 
Figure 5. The associative distal, alternating, and enzymatic pathways of 
electrochemical NRR on a catalyst surface. Faradaic steps are connected by blue and 
red solid (or dashed) arrows, and non-faradic steps are connected by black solid 
arrows.  
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Nevertheless, starting from either *N2+4*H or *N2H+3*H, the subsequent protonation 

step results in the formation of the *N2H+4*H with nearly similar reaction free energies 

(+0.22 eV and +0.24 eV), from which point on the reaction network remains the same. 

For the present discussion, we will assume that NRR proceeds via the *N2H+3*H 

intermediate as ∆G < 0. 

 

It is noteworthy that in the conventional enzymatic pathway the formation of the *N2H 

intermediate directly from *N2 is substantially endergonic (∆G = +0.55 eV; Figure S7(a)). 

Thus, a key difference between the conventional enzymatic pathway and the current one 

is revealed at the outset of the reduction process: firstly, none of the H co-adsorption 

steps are as endergonic as the direct protonation of *N2 and, secondly, the eventual 

protonation of *N2 (to form *N2H+3*H) is slightly exergonic. In other words, H co-

 
Figure 6. Free-energy diagram of the H-mediated enzymatic NRR pathway on VS@1Fe-
S50 at UL=0 (blue) and UL = -0.42 V (orange), where UL is the applied (cathodic) limiting 
potential. Non-faradaic and faradaic reaction steps are connected by black (dashed) 
and blue/orange solid lines, respectively, and energies for the non-faradaic steps are 
indicated in the figure. 
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adsorption facilitates the reduction of *N2 to *N2H. We, therefore, refer to this pathway 

as the “H-mediated enzymatic pathway”. After forming the *N2H +3*H intermediate, the 

next protonation event occurs at the sulfur atom near the VS@1Fe-S50 site to form 

*N2H+4*H (∆G = +0.22 eV) followed by further protonation of the *N2H intermediate to 

*N2H2 (∆G = +0.32 eV). At this point, the next four protonation steps result in HER and all 

four co-adsorbed H atoms desorb as H2(g) (exergonic) leaving behind only the *N2H2 

intermediate at the VS@1Fe-S50 site. From this point on, the reaction follows the 

standard enzymatic pathway up to the formation of two ammonia molecules. Specifically, 

the liberation of the first ammonia molecule, leaving behind a *NH2 intermediate, is highly 

exergonic ∆G = -1.72 eV whereas the liberation of the second ammonia molecule requires 

+0.72 eV energy. It should be noted here that in actual experiments,55–58 the likely 

outcome is the formation of a solvated NH4
+ species, rather than the liberation of NH3(g), 

but this is not captured in the current DFT models and will be studied elsewhere.  

In total, there are 16 reaction steps in the H-mediated enzymatic pathway proposed 

here, and the overall NRR reaction may be represented as N2(g) + 14(H+ + e-) à 2NH3(g) + 

4H2(g). Similar to the conventional enzymatic pathway, the first step (N2 adsorption) and 

the last step (NH3(g) desorption) are non-faradaic steps while the remaining steps are 

faradaic. Compared to the standard enzymatic pathway (N2(g) + 6(H+ + e-) à 2NH3(g)), the 

H-mediated enzymatic pathway consumes eight extra (H++e-) pairs and generates four 

H2(g) molecules, which means that the maximum Faradaic Efficiency (FE) for NH3 synthesis 

via the thermodynamically-favorable, H-mediated enzymatic pathway is ~43%. It is 

interesting to note that the H-mediated enzymatic NRR pathway resembles N2 fixation  by 
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the iron-molybdenum cofactor in nitrogenase  (N2(g) + 8(H+ + e-) à 2NH3(g) + H2(g)), wherein 

HER occurs in concert with NRR.59  

In Figure 6, we display the free-energy diagram of NRR via the H-mediated enzymatic 

pathway at low cathodic overpotential (UL = 0). As seen from the reaction pathway, the 

formation of *N2+3*H from *N2+2*H (the fourth reaction step) is the most endergonic 

step (∆G = +0.42 eV) among all faradaic steps and so we identify it as the potential 

determining step (PDS) of the reaction pathway. To assess the role of applied cathodic 

potentials on the reaction thermodynamics, we employed the computational hydrogen 

electrode (CHE) model 60 and estimated the cathodic limiting potential (UL) relative to the 

reversible hydrogen electrode (RHE) required to make all faradaic steps of NRR exergonic 

(∆_ ≤ 0) on the VS@1Fe-S50 site. In the CHE model, the reaction free energy change is 

given by 	∆_	 = ∆_{	 − |>}d, where ∆_{	is the standard free energy of a reaction step 

(at T=300 K), | is the number of proton and electron pairs transferred during the reaction 

step, and UL is the applied cathodic limiting potential vs. RHE. Based on the calculated 

PDS, we require UL = -0.42 V to make all faradaic steps of the H-mediated enzymatic 

pathway exergonic. From Figure 6, we note that the thermodynamics of the first and 

sixteenth steps, which are non-faradaic, remain unaffected by the applied potential 

(within the assumptions of the CHE model). From Figure S7(b), we also note that for UL ≤ 

-0.16 V, H adsorption (a faradaic step) becomes more favorable than N2 adsorption at the 

VS@1Fe-S50 site. Therefore, at larger cathodic potentials, the adsorbed H atom will block 

the VS@1Fe-S50 site for N2 adsorption and hinder NRR. The blocking of the VS@1Fe-S50 

site by H might play a role in the low NRR selectively of Fe-doped MoS2 catalysts at large 
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cathodic potentials reported in recent experiments.22,29,30 Based on our results, it seems 

possible that NRR, using Fe-doped MoS2 catalysts, may benefit from potential cycling 

approaches,61,62 to selectively favor N2 adsorption at low potentials and, thereafter, drive 

the reduction of *N2 at higher potentials. 

Role of Co-adsorbed H Atoms in N2 Reduction 

 

To understand why the thermodynamics of the *N2 to *N2H reduction step becomes more 

facile after the formation of *N2+3*H and *N2+4*H formation (Figure S7(a)) we examined 

structural change in *N2 in the presence of co-adsorbed H structural as well as changes in 

the electronic structure of the adsorbate binding site with co-adsorbed H. In Table 1, we 

compared the bond lengths of adsorbed *N2 molecule at the VS@1Fe-S50 site with and 

without co-adsorbed H atoms. With no co-adsorbed H atoms, the *N2 bond length is 

calculated to be 1.16 Å, which is larger than that calculated for the isolated N2 molecule 

(1.11 Å), indicative of a more reactive *N2 species. After co-adsorption of the first and 

second H atoms near the VS@1Fe-S50 site, the *N2 bond length remains unchanged (to 

Table 1. *N2 bond length and charge gained by *N2 adsorbed at the VS@1Fe-S50 site 
with and without co-adsorbed H atoms 
 

Adsorbed species *N2 bond length (Å) Charge gained by *N2 (e-) 

Isolated N2    1.11 - 

*N2  1.16 +0.50 

*N2 + *H 1.16 +0.50 

*N2 + 2 *H 1.16 +0.50 

*N2 + 3 *H 1.17 +0.54 

*N2 + 4 *H 1.18 +0.63 
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within the accuracy of the calculation). In contrast, after the co-adsorption of the third 

and fourth H atoms, the *N2 bond further increases to 1.17 Å and 1.18 Å, respectively, 

which indicates further activation of the *N2 species (weaker bonding between N atoms).  

Furthermore, from a Bader charge analysis 63–65 (Table 1), we see that the *N2 molecule 

gains more electrons from the catalyst surface after the co-adsorption of the third and 

fourth H atoms (0.54 e- and 0.63 e-, respectively), and this accumulation of additional 

electrons on the *N2 molecule results in additional electrostatic repulsion between the 

two N atoms, as reflected in the increased bond lengths.  

 

We also examined the evolution of the electronic density of states (DOS) of *N2 with the 

number of co-adsorbed H atoms (Figure 7). We estimated the average energy of the 

occupied electronic states (EC) with respect to the Fermi Level (EF) of the *N2 molecule as, 

 
 
Figure 7. Calculated total density of states (DOS) of the adsorbed N2 molecule around 
the Fermi level (EF) at the VS@1Fe-S50 site with (a) no, (b) one, (c) two (d) three and 
(e) four co-adsorbed H atoms. EC values below each panel indicate the average energy 
of the filled states of the adsorbed N2 molecule relative to EF. Green shaded regions 
show the filled states below EF. 
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where nt (E) is the total DOS (sum of s- and p-projected states from both spin channels) of 

the *N2 molecule at energy E. In the absence of co-adsorbed H, the average energy of the 

occupied states *N2 is at Ec=-11.22 eV. Upon the co-adsorption of the first and second H 

atoms, we find that EC becomes more negative (i.e., shifts to lower energies values) and 

we also observe, qualitatively, a decrease in the DOS in the immediate vicinity of the 

Fermi level (Figure 7). Taken together, these two factors imply a less reactive *N2 

molecule. Thus, in the H-mediated enzymatic pathway, we observe no favorable changes 

in the thermodynamics of N2 to N2H reduction steps after the co-adsorption of the first 

and second H atoms. In contrast, upon co-adsorption of the third and fourth H atoms, EC 

shifts up towards the Fermi level to higher energies values and we also observe an 

increase in the DOS near the Fermi level. Thus, the *N2 species now becomes more 

reactive and this, in turn, is reflected in more favorable reaction thermodynamics for *N2 

protonation.  

In short, we find that a combination of (interrelated) structural and electronic factors, 

arising from H co-adsorption, are responsible for activating the *N2 species and making 

the H-mediated enzymatic pathway for NRR more favorable over the conventional 

enzymatic pathway. 
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3.5.2 Distal NRR pathway on FullFe-S50 Edge  

 

As reported in Figure 4, N2 adsorption at the VS@FullFe-S50 site is nearly thermoneutral 

with ∆_M` = +0.01	eV, and the N2 molecule is adsorbed in a side-on configuration 

(Figures S9 and S10). While one may expect NRR to proceed via the enzymatic pathway, 

careful modeling reveals that *N2H, *N2H2, and other reduced NRR intermediates turn out 

to be more stable in an end-on configuration (Figures S9 and S10), indicating that the side-

on *N2 species will switch to an end-on configuration upon protonation. Furthermore, we 

also investigated the NRR pathway with H atoms co-adsorbed near the VS@FullFe-S50 site 

(Figures S9 and S10) but found that the H-mediated pathways are highly energetically 

unfavorable. Therefore, we only focus on the conventional distal pathway for NRR at the 

VS@FullFe-S50 site. 

 

Figure 8. Free-energy diagram of the NRR on VS@FullFe-S50 via the distal pathway at 
UL=0 (blue) and UL = -0.30 V (orange), where UL is the applied (cathodic) limiting 
potential. Non-faradaic and faradaic reaction steps are connected by red and 
blue/orange solid lines, respectively, and energies for the non-faradaic steps are 
indicated in the figure. 
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In Figure 8, we display the free-energy diagram for NRR on the VS@FullFe-S50 site at 

low overpotential (UL=0). In the first step, N2 adsorption (*N2 formation) is nearly 

thermoneutral (∆G = +0.01 eV). However, in the next step, the reduction of *N2 to *N2H 

is uphill in energy (∆G = +0.30 eV). After *N2H formation, the four subsequent steps 

leading to the formation of *NH2 and NH3(g) are all downhill in energy. Further reduction 

of *NH2 to *NH3 and liberation of NH3(g) are uphill in energy with ∆G = +0.17 eV and ∆G = 

+0.42 eV, respectively. In this distal pathway, N2 adsorption (the first step) and NH3(g) 

evolution (the last step) are non-faradaic steps, while all other steps are faradaic. Among 

the faradaic steps, the formation of *N2H from *N2 (the second step) has the largest ∆G = 

+0.30 eV, which we identify as the PDS for this pathway. Thus, the VS@FullFe-S50 site can, 

in principle, become NRR-active at moderately low UL of -0.30 V. However, from Figure 4, 

we also know that H adsorption is more favorable than N2 adsorption on the VS@FullFe-

S50 site even at UL=0 V (∆_a = −0.32 eV and ∆_M` = +0.01	eV.  Furthermore, when UL 

= -0.30 V, the adsorption of a second H atom at the VS@FullFe-S50 site also becomes more 

favorable than N2 adsorption (Figure S9(b)). Thus, we expect that the VS@FullFe-S50 is 

unlikely to be a good candidate for NRR.  

 

3.5.3 Distal NRR pathway on 2VS@1Fe-Mo50 

The last site we consider is the 2VS@lFe-Mo50 site, which selectively adsorbs N2 at an 

exposed Fe-atom (∆_M` = −0.46	eV) in an end-on configuration (Figures S11 and S12). 

We find that NRR proceeds via the distal pathway on the 2VS@lFe-Mo50 site (Figures S11 

and S12). However, the reduction of adsorbed N2 (*N2) to *N2H intermediate is highly 
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unfavorable and uphill in energy (∆G = +1.14 eV). Further, the reduction of *N2H to *N2H2 

is also uphill in energy (∆G = +0.26 eV). Beyond this point (Figure 9), the process is 

thermodynamically downhill right until the final step of NH3(g), which is not spontaneous 

(∆G = +0.46 eV).  The PDS is thus determined by the reduction of *N2 to *N2H and requires 

a rather large limiting potential, UL = -1.14 V. 

 

For completeness, we also investigated NRR with co-adsorbed H atoms near the 2VS@lFe-

Mo50 site (Figures S11(a) and S12) but the thermodynamics is still highly unfavorable due 

to the large energy input required for protonation of *N2 to *N2H. Additionally, from 

Figure S11(b), we also see that H adsorption is already more favorable than N2 adsorption 

at UL ≤ -0.67 V, which is still insufficient to protonate *N2. In short, the 2VS@lFe-Mo50 site 

is not particularly suited for NRR. 

 

 

Figure 9. Free energy diagram of the NRR on 2VS@1Fe-Mo50 via the distal pathway, 
at UL=0 (blue) and UL = -1.14 V (orange), where UL is applied limiting potential. Negative 
UL means the applied limiting potential is cathodic potential. Non-faradaic and faradaic 
reaction steps are connected by red and blue/orange solid lines, respectively, and 
energies for the non-faradaic steps are indicated in the figure. 
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4. CONCLUSIONS  

In conclusion, we employed DFT calculations to assess the potential of Fe-doped MoS2 

monolayers for electrochemical NRR. We found that placing Fe dopants at edges favors 

the formation of sulfur vacancies defects and, in the case of sulfur edges, their formation 

can even be spontaneous. Such vacancies or vacancy clusters can activate the Fe-doped 

MoS2 ML for NRR by exposing metal atoms and facilitating N2 adsorption. We studied the 

NRR mechanism and found that certain Fe-doped MoS2 edge sites co-adsorb H and N2, 

and that the vicinity of the two species offers a new reaction pathway, which we call “H-

mediated enzymatic pathway”, that resembles N2 fixation by the iron-molybdenum 

cofactor in nitrogenase. In this new mechanism, the overall NRR reaction may be 

represented as N2(g) + 14(H+ + e-) à 2NH3(g) + 4H2(g). Compared to the standard enzymatic 

pathway, N2(g) + 6(H+ + e-) à 2NH3(g), the H-mediated enzymatic pathway consumes eight 

extra (H++e-) pairs and generates four H2(g) molecules. Hence, the H-mediated enzymatic 

pathway, while thermodynamically more favorable than the conventional enzymatic 

pathway, has a lower faradaic efficiency (~43%). In this H-mediated enzymatic pathway, 

H atoms that are co-adsorbed near the adsorption site assist in the activation of *N2 and 

reduce the thermodynamic barrier for protonation of *N2 to *N2H, eventually leaving the 

edge as H2(g). While HER is likely to be favored at the larger potentials required to drive 

NRR, the fact that N2 adsorption is preferred over H adsorption at low potentials suggests 

that it may be possible to dynamically modulate cathodic potential and drive selectivity 

towards NRR while reducing losses to the parasitic HER. Further, NRR selectivity of Fe-

doped MoS2 might improve by employing aprotic solvents to limit the availability of 
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protons for parasitic HER and thereby increasing selectivity and faradaic efficiency for 

NRR.4,5 

In summary, our results indicate that experimental observations22,29 of higher NRR 

activity of Fe-doped MoS2 based catalysts are likely to arise from sulfur vacancies 

associated with Fe dopants and that such defects associated with single Fe dopant atoms, 

rather than Fe dopant clusters, are more likely to be NRR active. Our studies also indicate 

that the role of co-adsorbed H atoms at and near these active sites, an aspect that is 

usually neglected in DFT models, ought to be considered more carefully and may even 

prove to be beneficial in assisting catalytic reactions. Besides H atoms, the role of the 

water molecules and adsorbed hydroxyl radicals should also be investigated as these 

species could compete for adsorption sites and block both HER and NRR. 66 Finally, we 

note that our present study is restricted to reaction thermodynamics, and it will be 

interesting to understand in the future how reaction kinetics (energy barriers) are 

affected by Fe-doping, by the presence of co-adsorbates, and by solvent effects.   
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Reaction networks for various NRR pathways, with and without co-adsorbed H atoms, at 

various catalytic sites along with images of DFT-optimized structures; Free-energy 

diagrams of H and N2 adsorption at selected applied cathodic potentials 
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respectively; and ?9:, ?;0, and 	?$ are the number of Mo, Fe, and S atoms in the triangular flake 

model of MoS2 ML, respectively. To obtain !	as	a	function	of	∆#$ = #$ − #$,()*+, we apply the 

following thermodynamic constraints:3,4 

 

where #$,()*+, #9:$Iand #;0$Iare the chemical potentials of bulk sulfur, MoS2 ML, and FeS2, 

respectively, and ∆J.,;0$Iis the heat of the formation of bulk FeS2. To maintain the thermodynamic 

equilibrium of the Fe-doped MoS2 ML, ∆#$ is subject to the constraint ∆J.,;0$I/2 < ∆#$ < 0; for 

the undoped MoS2 ML, equilibrium requires that ∆J.,9:$I/2 < ∆#$ < 0, with ∆J.,9:$I =

−2.66	QR. From Equations 1 and 2, !.*/+0 is seen to be a linear function of the edge length (,) of 

the model, whereas !102304 is an additive constant. Therefore, we used two triangular MoS2 ML 

flakes with different edge lengths ,T and  ,U (,T > ,U) and calculated ! as 

 

where ∆5.*/+0, and	∆5678 are the differences in the 0K DFT energies and ZPE of the triangular 

flake model of MoS2 ML with edge lengths ,T and ,U, respectively, and may be expressed as 

In Equation 6,	∆?9:,	∆?;0, and	∆?$	are the differences in the number of Mo, Fe, and S atoms in 

the triangular flake model of MoS2 ML with edge lengths  ,T and ,U, respectively. 

#9:$I
= #9: + 2#$

	
,                   (S3) 

#;0$I
= #;0 + 2#$

	
, and                   (S4) 

∆J.,;0$I
/2 < 	Δ#$ < 0;	∆J.,;0$I = −1.54	QR             (S5) 

!	 = 	
∆8[\]^_`∆8abcd∆efg	hfgiI

d∆ej_	hj_iI
`(U∆efg`U∆ej_d∆ei)hi

l×(*md*I)
,      (S6) 

 

∆5.*/+0 = 5.*/+0(,T) − 5.*/+0(,U),               (S7) 

∆5678 = 5678(,T) − 5678(,U).                          (S8) 
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Figure S2. Edge formation energy of select (a) undoped MoS2 ML edges, (b) 1Fe-doped MoS2 
ML edges, (c) 2Fe-doped MoS2 ML edges, (d) FullFe-doped MoS2 ML edges, as a function of 
change in chemical potential of sulfur, ∆µS, where −0.77 ≤ Δ#$ ≤ 0. 
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Calculation of the Free Energy of the Electrochemical Desulfurization Reaction (DSR) 

 
The free energy of DSR on MoS2 edges, ∆pq$r is calculated as  

 

where	5 $	
∗ ,	5tu,	5vI(w) and 5vI$(w) are the 0K DFT energies of defect-free MoS2 ML, MoS2 ML 

with a VS, isolated H2(g) molecule, and isolated H2S(g) molecule, respectively; ∆5678 and ∆x are 

the differences between the zero-point energies and entropies of products (MoS2 ML with a VS 

and H2S(g)) and reactants (defect-free MoS2 ML and H2(g)), respectively; T is the temperature 

(T=300K); x1y(,tu, and x1y(, $	∗  are the vibrational entropies of MoS2 ML with a VS and defect-free 

MoS2 ML, respectively; x
vI$(w)

:

	

and x
vI(w)

:

		

are the standard entropies of H2S and H2 gas 

molecules, respectively. 

∆pq$r = (5tu
+ 5vI$(w)

− 5vI(w)
− 5 $	

∗ ) + ∆5678 − z∆x,   (S9) 

∆5678 = 5678,tu
+ 5678,vI$(w)

− 5678,vI(w)
− 5678, $	

∗ ,            (S10) 

∆x	 = x1y(,tu
+ x

vI$(w)

:

	

− x
vI(w)

:

		

− x1y(, $	
∗ ,    (S11) 
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Figure S4. (a) S atom and VS sites on the 1Fe-doped (1Fe-BSL), 2Fe-doped (2Fe-BSL) and 
3Fe-doped (3Fe-BSL) MoS2 ML basal plane. (b) ∆GDSR for 1st S-vacancy formation on 
undoped, 1Fe-BSL, 2Fe-BSL and 3Fe-BSL MoS2 ML basal plane. (c) ∆GH, and (d) ∆G|I  at S 
atom and VS on undoped, 1Fe-BSL, 2Fe-BSL and 3Fe-BSL MoS2 ML basal plane. 
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Effect of Fe-doping on the Electronic Structure of MoS2 Edges 

To understand further the effect of Fe doping on the electronic structure of MoS2 edges, we 

compared the total density of states (DOS) of VS@1Fe-S50, VS@FullFe-S50, and 2VS@1Fe-

Mo50 sites with their respective undoped counterparts, VS@S50 and 2VS@Mo50 (Figure S5 and 

S6). The undoped VS@S50 site is semiconducting with a small electronic bandgap, as there are no 

electronic states around the Fermi level (Figure S5). The VS@1Fe-S50 and VS@FullFe-S50 sites, 

on the other hand, are metallic which shows that new electronic states emerge near the Fermi level 

of the VS@S50 site after Fe doping. The undoped 2VS@Mo50 is also metallic and after Fe doping, 

the 2VS@1Fe-Mo50 site shows even higher DOS at the Fermi level (EF) than the 2VS@Mo50 site 

(Figure S6). Overall, we conclude that Fe doping of MoS2 increases the number of electronic states 

 

 

Figure S5. The total density of states (DOS) of the exposed two metal atoms (the N2 
adsorption site) at the (a) VS@S50, (b) VS@1Fe-S50, and (c) VS@FullFe-S50 sites. 
Black arrows (in the right column) show the N2 adsorption sites, Mo-Mo, Mo-Fe, and 
Fe-Fe, at the VS@S50, VS@1Fe-S50, and VS@FullFe-S50 sites, respectively. Blue, 
violet-grey, and yellow spheres represent the Fe, Mo, and S atoms, respectively. 
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at the Fermi level and improves the metallic nature of S-vacancy sites at both S50 and Mo50 

edges.5–9 

 
 

  

 

Figure S6. The total density of states (DOS) of the exposed metal atom (the N2 
adsorption site) at the (a) 2VS@Mo50, and (b) 2VS@1Fe-Mo50 sites. Black arrows (in 
the right column) show the N2 adsorption sites, Mo and Fe atoms at the VS@Mo50, and 
VS@1Fe-Mo50 sites, respectively. Blue, violet-grey, and yellow spheres represent the 
Fe, Mo, and S atoms, respectively. 
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(a) 

 

 

(b) 

 

 

Figure S7. (a) Reaction network for NRR at the VS@1Fe-S50 site (at UL=0, low overpotential): 
the most favorable, H-mediated enzymatic pathway is shown by blue arrows; solid and dashed 
arrows show faradaic and non-faradaic steps, respectively; black arrows show steps with higher 
free-energy change (∆G); values of ∆G (in eV) are indicated for each reaction step. (b) Free-
energy diagram of *H, and *N2 formation on the VS@1Fe-S50 site at UL=0, -0.16 and -0.42 V 
(vs RHE); non-faradic and faradic reaction steps are connected by dashed and solid lines, 
respectively; structural models on the right display the optimized structures of the adsorbed H 
atom (*H) and N2 molecule (*N2) on the VS@1Fe-S50 site. 
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Figure S8. Top view of the VS@1Fe-S50 site with various NRR intermediates corresponding 
to the reaction network in Figure S5. Gold, red, violet-grey, yellow, and silver spheres represent 
the Fe, H, Mo, S, and N atoms, respectively. 
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Figure S10. Top and side view of the VS@FullFe-S50 site with various NRR intermediates 
corresponding to the reaction network in Figure S9. Gold, red, violet-grey, yellow, and silver 
spheres represent the Fe, H, Mo, S, and N atoms, respectively. 
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(a) 

 

 

(b) 

 

Figure S11. (a) Reaction network for NRR with co-adsorbed H atoms at 2VS@1Fe-Mo50 at 
UL=0 (low overpotential). Blue arrows show the most favorable steps. Solid and dashed arrows 
show faradaic and non-faradaic steps, respectively. Grey arrows show steps with higher free-
energy-change (∆G). Values of ∆G (in eV) are indicated for each reaction step. (b) Free-energy 
diagram of *H and *N2 formation on the 2VS@1Fe-Mo50 site at UL=0, -0.67 and -1.14 V (vs 
RHE). Non-faradaic and faradaic reaction steps are connected by dashed and solid lines, 
respectively. The panel on the right shows the optimized structures of the adsorbed H atom (*H) 
and N2 molecule (*N2) on 2VS@1Fe-Mo50. Gold, red, violet-grey, yellow, and silver spheres 
represent the Fe, H, Mo, S and N atoms, respectively. 
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Figure S12. Top view of the 2VS@1Fe-Mo50 site with various NRR intermediates from the 
reaction pathway in Figure S11. Gold, red, violet-grey, yellow, and silver spheres represent the 
Fe, H, Mo, S, and N atoms, respectively. 
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