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Abstract 

Although the heterogeneity of pyrolyzed Fe-N-C materials is known and reported previously, the 
atomic structure of the active sites and their detailed reaction mechanisms are still unknown. Here, we 
identified two pyridinic Fe-N4-like centers with different local C coordinates i.e., FeN4C8 and FeN4C10, 
and studied their electrocatalytic activity for nitrogen reduction reaction (NRR) based on Density 
Functional Theory (DFT) calculations. We also discovered the influence of adsorption of NH2 as a 
functional ligand on catalyst performance on the NRR. We confirmed that the NRR selectivity of the 
studied catalysts is essentially governed either by the local C coordination or by the dynamic structure 
associated with the FeII/FeIII. Our investigations indicate that the proposed traditional pyridinic 
FeN4C10 has higher catalytic activity and selectivity for NRR than the robust FeN4C8 catalyst while it 
may have an outstanding activity for promoting other (electro)catalytic reactions.  
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Introduction 

The slow kinetics of the electrochemical nitrogen reduction reaction (NRR) is an important issue 

that contributes significantly to the total cost 1. Therefore, various investigations have focused on the 

development of effective catalysts with low cost and high efficiency 2-4. In the last decades, single-

metal atom catalysts (SACs) have emerged and are widely used for diverse catalytic reactions due to 

their high catalytic activity and selectivity 5-8. One of the most promising classes of catalysts is 

transition metal (TM) doped pyridinic or porphyrinic N4 active-sited embedded carbon catalysts 8-9. 

FeN4/C catalyst represents outstanding electrocatalytic activity for oxygen reduction reaction (ORR) 

reported in previous investigations 10-12.  

In 2009, Lefèvre et al. 13 produced microporous carbon-supported Fe-based catalysts for ORR. 

They believed that the active sites contain Fe cations coordinated by pyridinic nitrogen functionalities 

in between the graphitic sheets within the micropores. The FeN4 motif is distinguished as the active 

site in which the Fe atom binds strongly with the surrounding N atoms stabilizing the Fe atom 14. 

Against the bulk structure, the FeN4/C nanosheet is more active toward electrocatalytic reactions with 

higher selectivity. This can be due to the excellent separation between the Fe atoms distributed all over 

the surface. Moreover, two sides of the pure FeN4 sites are uncovered. This makes the pure FeN4 sites 

able to interact with the available reactants and intermediates in the environment, even the ions or 

molecules which are not a part of the NRR process, during the catalytic process. In addition, it is 

possible that only one side of the Fe active center binds with a molecule as a functional ligand and 

leaves the other side of the catalyst available for NRR. This will certainly modify the electronic states 

of the FeN4 center and changes the total catalytic activity of the catalyst. The effects of the ligand on 

the ORR and NRR activity of TMN4/C catalysts have been proven by previous experimental and 

theoretical investigations 15-18. For instance, Wang et al. investigated the adsorption of a series of 

inorganic molecules and ions onto Fe-Nx/C catalysts and its effect on the ORR activity. They revealed 

that the ORR activity is slightly suppressed by halide ions, while it is significantly suppressed by 
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sulfur-containing species (e.g., SCN−, SO2, and H2S) 19.  

In addition to the ligand effect, it is known that the topology of the local C atoms surrounding FeN4 

active centers has a great effect on its electrocatalytic activity. In a recent combined DFT and 

experimental investigation, Jia et al. 20 showed that the catalytic activity of FeN4C8 in the presence of 

a fifth ligand is governed by its dynamic structure associated with the FeII/III redox transition rather 

than the static structure of the base sites. Fe plays a crucial role in nitrogenase (Fe-protein and MoFe-

protein) for biological N2 fixation and is also widely used in the Haber-Bosch process for ammonia 

synthesis 21. Recent reports also indicated that the Fe-N-C materials can be considered as a promising 

catalyst for NRR at room temperature 22-23. For instance, Li et al. 17 find that FeN3-embedded graphene 

can be considered as a robust catalyst for the NRR at ambient temperatures, especially with high-spin 

polarization of active FeN3 centers. Wang et al. 24 studied the precise construction of efficient and 

stable NRR electrocatalysts. They designed and implemented a Fe−N/C−carbon nanotube (CNT) 

catalyst with built-in Fe−N3 active sites by carbonizing Fe-doped zeolitic-imidazolate framework 

(ZIF) deposited on the surface of CNTs. The porous structure, large active surface area, positively 

charged surface, weak ferromagnetism, and strong nitrogen chemisorption are all favorable for NRR 

electrocatalysis. The electrocatalyst exhibits a high NH3 yield and a faraday efficiency (FE) of 9.28% 

at −0.2 V in 0.1 M KOH. They confirmed that the introduction of Fe atoms into N/C-CNTs 

significantly increases the NRR performance.  

Although several works so far have been reported on NRR, the effects of different ligands along 

with the local C coordination on N2 fixation have not been studied extensively yet. Therefore, to 

improve the NRR activity of a catalyst, finding a good combination of the ligand and active site is 

necessary. In this work, we characterize the active sites in FeN4/C catalysts by comparing density 

functional theory (DFT) simulations and 57Fe Mössbauer spectroscopy data to study the influences of 

local C topology and ligand on the electrocatalytic NRR over FeN4/C catalyst. We propose two 

pyridinic FeN4/C catalysts i.e., FeN4C8 and FeN4C10, and study the electrocatalytic NRR with and 
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without the presence of an NH2 ligand. This work indicates that the pyridinic FeN4C8 is more selective 

for NRR while using the functional ligand can significantly reduce the electrocatalytic activity of the 

catalyst. Therefore, our results may serve as a further guide to a broader combination of functional 

ligands and metal centers for NRR and other related catalytic reactions. 

Computational details 

All DFT calculations are spin-polarized using the Vienna ab initio simulation package (VASP) 25-

27. The exchange and correlation energies were described by the generalized gradient approximation 

(GGA) in the form proposed by Perdew-Burke-Ernzerhof (PBE) 28. The ion-electron interactions are 

described by the projected augmented wave (PAW) method 29. Convergence of the plane-wave cutoff 

energies was checked and cutoff energy of 400 eV is chosen and employed in all calculations. The 

convergence criterion for the residual force and energy in structural relaxations was set to 0.01 eV/Å 

and 10-6 eV, respectively. Partial occupancies are addressed using Gaussian smearing with a smearing 

width of 0.01 eV. The zero-damping Grimme approximation, DFT + D2, is used to compute the weak 

dispersion interactions 30. Two different FeN4C models are simulated with different local C topologies, 

i.e., FeN4C8 (complex A) and FeN4C10 (complex B), representing the most common models found in 

the literature 20, 31-34. All models are constructed using VESTA 35 by modifying a graphene layer. A 

unit cell of 4×3 and 4×2 is used for complexes A and B, respectively. For structure relaxations, the 

first Brillouin zone of such a slab is sampled with the Monkhorst−Pack mesh of 5 × 5 × 1 k-points. To 

get more accurate electronic property computations, denser 15 × 15 × 1 k-point grids were employed 

36. To avoid interactions between two neighboring 2D FeN4/C sheets, a minimum vacuum space of 15 

Å was set between the two layers. Atomic charges and charge transfer were calculated from the Bader 

charge scheme 37. An optimized N2 molecule and a bulk Fe are used as a reference for calculating the 

adsorption energy of atomic nitrogen on the surface and Fe atom into the N4 vacancies, respectively. 

For the Fe atom, the pseudopotential that treats 3s and 3p states as valence states is used for all 

calculations.  
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The NRR performance is calculated by the Gibbs free energy change (∆G) of the elementary reaction 

using the computational hydrogen electrode (CHE) model proposed by NØrskov et al. 38-39. According 

to the CHE model, the change in the free energy for each reaction step can be expressed by: 

ΔG = ΔE + ΔZPE – TΔS + ΔGpH + ΔGU   (1) 

where ΔE is the calculated total energy, ΔZPE is the change in the zero-point energy (ZPE), T is the 

room temperature (298.15 K), and ΔS is the changes in standard vibrational entropy. Both ΔZPE and 

ΔS values are obtained from vibrational frequency calculations using the VASPKIT code 40. To reduce 

the computational complexity, only the vibrational frequency of adsorbates is calculated because the 

translational and rotational degrees of freedom of the adsorbate effectively convert into vibrational 

modes (frustrated translations and rotations) and the surface atoms are fixed, assuming that the 

vibrations of the solid surface are negligible. Notably, for the gas phase molecules, the entropy term 

can be obtained by the sum of the translational, rotational, and vibrational contributions. ΔGpH refers 

to the free energy correction of the pH with the formula expressed as ΔGpH = kBT × pH × ln 10, where 

kB is the Boltzmann constant and the value of pH is set to be 0 for this work. ΔGU is the free energy 

contribution related to the applied electrode potential (U) versus standard hydrogen electrode (SHE), 

i.e., ΔGU = -neU, where n is the number of H+/e- pairs transferred in NRR and e is the unit charge. U 

is the applied electrode potential concerning the SHE. The limiting potential (Ulim) is equal to the –

ΔGmax/e-, where ΔGmax is the step that releases the maximum free energy among six steps, that is, the 

thermodynamic potential determining step (PDS). Theoretical overpotential (η) is adopted as a 

measure for the whole ORR rate and is then determined as η = Uequ – Ulim, where Uequ is the equilibrium 

potential of NRR reaction, which is -0.16 V vs. SHE 41-42.  

Results and discussions 

Stability of the FeN4C catalyst 

To comprehensively and accurately evaluate the performance of FeN4Cx catalysts, it is essential to 

study their stability. Here, the adsorption energy is utilized to describe the stability of either Fe atom 
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doped into the N4 vacancy or adsorbed species on the catalyst, and it is defined as follows: 

Eb = EFeN4Cx– (EFe + EN4Cx)         (2) 

where the EFeN4Cx, EFe, and EN4Cx are the total energies of the optimized FeN4Cx surface, isolated Fe 

atom, and optimized defective N4Cx surface, respectively. The more negative the Eb value means the 

better structural stability. Pristine FeN4Cx catalyst with a D4h symmetry has a completely planar 

structure in which all the six electrons of the Fe atom can be associated with the N atoms (see 

complexes A and B in Figure 1). The Fe oxidation state in these structures is FeII as reported by Rovira 

et al. 34 which binds strongly into the N4 cavities of FeN4C8 (Eb= -4.52 eV) and FeN4C10 (Eb= -7.42 

eV). The calculated cohesive energy of Fe is -5.74 eV 43. One can see that the binding energy of 

complex B is more negative than the bulk Fe cohesive energy, indicating that the stability of complex 

B is even better than that of the bulk Fe surfaces 44. The binding energy of complex A is close to the 

Fe bulk cohesive energy, and this catalyst is synthesized and reported in previous investigations 45-51. 

Therefore, we consider it as a stable structure for catalyzing the electrochemical NRR. To gain an 

insight into the electronic properties of the pure catalysts, we calculated the densities of states (DOS) 

of a single Fe atom embedded in the N4C8 and N4C10 systems as presented in Figure S1. One can see 

that the spin-up and spin-down states of the Fe-3d band are not symmetric in both complexes which 

are due to the presence of four N atoms. 

In the presence of the fifth ligand, here NH2−, the iron oxidation number changes to FeIII 34 with the 

binding energy of Eb= -2.26 eV and Eb= -0.56 eV for complexes C and D, respectively. The computed 

Fe−N bond lengths (dFe-N) of the optimized complexes A, B, C, and D are in the range of 1.85–1.91 Å 

(see Table S2), in good agreement with previous studies 20, 52-53, showing that by adding the ligand, the 

Fe−N bond increases for about 0.03 eV. 
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Figure 1. Proposed pristine FeN4C8 (complex A) and FeN4C10 (complex B) along with the corresponding NH2 coordinated 

structures, FeN4C8@NH2 (complex C) and FeN4C10@NH2 (complex D). In complexes C and D, NH2 is considered as a 

fifth ligand. Color code: brown, C; blue, N; orange, Fe; white, H 

Adsorption of N2  

The initial configuration of the adsorbed *N2 on the FeN4 site would change the NRR reaction 

pathway as shown in Figure 2. Thus, due to the stable triple N≡N bond 42, 54-56, the activation of *N2 

on the catalyst surface plays an important role in the NRR process. Therefore, we firstly investigated 

the adsorption behavior of N2 on the studied surfaces by calculating the adsorption energy (Eads) 

defined as Eads = Ecomplex – Eadsorbate – Esurface where Ecomplex, Eadsorbate, and Esurface refer to the total energy 

of optimized FeN4Cx catalyst with adsorbate, the individual adsorbate, and the pure FeN4Cx catalyst, 

respectively. Screening the adsorption energy of *N2 on complexes A and B (Figure 2a, b, c, and d) 

and complexes C and D (Figure 2e, f, g, and h) we found that the side-on adsorption is not favored on 

any of the catalysts except on complex A with a highly Eads of -2.17 eV (see Table S1). According to 

Figure 3a, the negative adsorption energies suggest that the adsorption of dinitrogen is 

thermodynamically favorable on the catalyst. However, the end-on orientation dominates the side-on 

orientation and is thermodynamically more feasible (see Figure 3b). 
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Figure 2. Optimized configurations of end-on and side-on N2 adsorption on complex A (Figures 2a and 2b), 

complex B (Figures 2c, and 2d), complex C (Figures 2e and 2f), and complex D (Figures 2g and 2h). Color 

code: brown, C; blue, N; orange, Fe; and white, H 

 

Figure 3. Adsorption energy (a) and the free energy of adsorption (b) for N2 on complexes A, B, C, and D. 

The interaction between *N2 and the Fe active site is dominated by electron acceptance and 

donation. Fe atom has unoccupied and occupied d-orbitals that either accepts electrons via σ-donation 

or donate electrons via π back-donation. The π back-donation increases the occupation of the 

antibonding π* orbitals of N2, weakening the triple bond and consequently activating the adsorbed *N2 
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species 57. According to the obtained adsorption energies of *N2 reported in Table S1, the strong 

interaction between Fe sites and *N2 leads to more electron transfer to the anti-bonding orbital of *N2 

(1π*) which consequently increases the energy of the *N2@FeN4/C catalyst and thus decreases the 

affinity of the catalyst to *N2.  

The thermodynamic feasibility of N2 adsorption on FeN4 catalysts is captured through a lower value 

of change in free energy of N2 adsorption (∆GN2). According to Sabatier’s principle 58-61, we considered 

an optimum range of 0.2 to -0.5 eV for the ΔGN2 because the adsorption of N2 should be optimum to 

obtain high NRR activity (see Figure 4). As shown in Figure 4, the end-on N2 adsorbed on complexes 

A, B, and C and the side-on N2 adsorbed on complex D are placed in this specified range, therefore, 

these complexes can act as potential candidates for NRR. However, to confirm this, the NRR on the 

rest of the catalysts outside the optimum range is also studied and reported in the Supporting 

Information.  

 

Figure 4. The computed *N2 free energy of adsorption, ∆GN2, on all of the studied complexes. The gold color represents 

the Fe atom with the ∆GN2 in the optimum range (0.2 to -0.5 eV), and the brown color represents the ∆GN2 values, not in 

the optimal range. The vertical dashed lines represent the optimum range of adsorption. 

NRR on FeN4C8 and FeN4C10 

In each hydrogenation step, an H+/𝑒− pairs react with the NxHy (x=1,2; y=0-5) moieties and finally, 
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the NRR ends with the formation of *NH3 above the FeN4 active site. It is known that an ideal 

electrocatalyst can promote NRR when its potential exceeds the equilibrium potential without 

overpotential. Therefore, an electrocatalyst with lower overpotential is considered as a more ideal 

catalyst. We explored NRR steps for N2 conversion to NH3 in three pathways, namely, distal, 

alternating, and enzymatic 62-63, all of which involve N2 adsorption as a prerequisite for the 

electrocatalytic NRR (see Scheme 1). In the distal and alternating pathways, the N2 molecule adsorbs 

via the end-on orientation on the Fe center while the side-on adsorption of *N2 is required for the 

enzymatic mechanism (Figure 2). 

 
Scheme 1. Schematic view of possible pathways for NRR on Fe-N-C catalyst 

 

Upon adsorption of NRR intermediates on the Fe atom, the oxidation state of the Fe atom changes 

from FeII to FeIII 34. During the NRR, the four Fe-N bond lengths of complexes A and B increase and 

divide into two pairs with two different bond lengths while they were identical in the pristine 

complexes. As a result of this bond elongation, the Fe atom slightly protrudes from the surface. 

Changes in the average Fe-N bond length are monitored during the reduction reaction in all three 

mechanisms and listed in Table S2. Depending on the catalyst and the corresponding mechanism, the 

Fe-N distance increases by about 1-9% during the NRR. The highest and lowest iron displacement 

corresponds to complex A in distal and alternating mechanisms, respectively. This slight movement is 

in close agreement with other fivefold-coordinated transition metal complexes 64 confirmed 

experimentally for ORR 20.  

In distal and alternating mechanisms, the N2 molecule with end-on orientation binds to the single 

FeII atom of complexes A and B with an adsorption energy of -0.61 and -0.71 eV, respectively. The 
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optimized stationary configurations of the nitrogen hydrogenation step on complexes A and B via 

distal and alternating routes along with their free energy diagrams are shown in Figures 5 and S2, 

respectively. One can see in Figure 5 that if NRR proceeds via the distal pathway on complex A, the 

only uphill step is the hydrogenation of *NNH to *NNH2 with ∆Gmax = 0.42 eV (see the red dash line 

in Figure 5). In the similar route on complex B, the first and second hydrogenation steps are uphill, 

with the calculated ∆Gmax value of 1.33 and 0.93 eV, respectively. Contrary to complex B, the 

desorption of *NH3 from FeIII atom in complex A needs to overcome larger free energy of 2.39 eV while 

it is negligible on complex B (0.03 eV). However, according to experimental data, this process is not 

considered as a potential determining step (PDS) and is exergonic under acidic conditions because the 

adsorbed *NH3 converts to NH4
+ by reacting with H+ in an acidic electrochemical environment, and does 

not directly desorb from the surface to form gaseous NH3 65-66. Furthermore, the energy released in the 

hydrogenation process can overcome the energy required to release the second *NH3 molecule from the 

surface. Thus, the corresponding limiting potential (UL) for NRR on complexes A and B via the distal 

pathway is UL = -0.42 V and -1.33 V vs SHE, respectively. The obtained value for the distal mechanism 

is in good agreement with that of the Mo-doped g-C3N4 catalyst 41. 

 
Figure 5. Comparison of the NRR through distal (left side) and alternating (right side) pathways on complexes 

A (black line) and B (blue line) at zero potential. The purple lines are the PDS steps. 
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Screening the NRR through the alternating mechanism on complex A, we found that the endergonic 

reactions correspond to the second and third hydrogenation steps, i.e., *NNH*NHNH (∆Gmax = 0.24 

eV) and *NHNH*NHNH2 (∆Gmax = 0.12 eV), respectively. The remaining hydrogenation steps are 

all downhill (see Figure 5). On complex B, the main uphill steps are for the hydrogenation of *N2 

*NNH and*NHNH*NHNH2 with calculated ∆Gmax values of 1.33 and 0.46 eV, respectively. 

Thus, the calculated limiting the potential for an alternating pathway on complex A (B) is UL = -0.24 

(-1.33) V vs SHE. Our results indicate that although both catalysts show good catalytic activity for 

NRR due to the low onset potentials, complex A tends to catalyze the NRR with a significantly lower 

UL and overpotential ((UL = -0.24 V, 𝜂=0.08 V vs SHE) than those of complex B (UL = -1.33 V, 𝜂=1.17 V vs SHE). The obtained UL is significantly lower than those previously reported for FeN2, UL 

= -1.16 V, Fe2N2 doped graphene, UL = -0.39 V 67, and for Fe, FeN, FeN2, and FeN3 doped graphene 

with limiting potentials of -1.37, -1.16, -0.80, and -0.66 V, respectively 22.  

NRR on fivefold-coordinated FeN4C8 and FeN4C10 

To evaluate the reductive performance of electrocatalytic NRR on complexes C and D, we calculated 

the limiting potential for all mechanisms. Upon ligand adsorption on the pure catalyst, the Fe oxidation 

state changes from FeII to FeIII as discussed above. When the NRR intermediates adsorb on Fe, its 

oxidation state changes 34, and consequently, the Fe atom pulls back into the N-plane by the ligand 

restoring the planarity of the FeN4Cx catalyst.  

According to Figure 4, we considered end-on and side-on N2 adsorption on complexes C and D for 

NRR, respectively. We found that in the presence of the NH2 ligand, the electrocatalytic NRR activity 

of complexes drastically decreases compared to the ligand-free structures (see Figures S4, S5, and S6). 

Once the NRR takes place on complex C and D via the distal and alternating pathways forming six-fold-

coordinated configurations, the calculated onset potential increases drastically to UL= -1.54 V and -1.59 

V vs SHE, respectively. The enzymatic mechanism has the highest onset potential of -1.82 V vs HSE on 

complex C so we ignore this mechanism to occur at ambient conditions on this complex. On complex D, 
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the presence of the NH2 ligand prohibits the complex D to proceed with NRR through the enzymatic 

pathway which might be due to the physisorbed N2 molecule above the FeN4 site (see Figure 2).  

Comparing the NRR on two complexes we can estimate that the ligand has a significant effect on the 

whole NRR process. One can see in Figure S4 that it affects all the hydrogenation reactions on 

complexes A and B. The presence of the ligand shifts the free energy levels and also it changes the 

PDS reactions. On complex A, the PDS is related to the second hydrogenation step while on complex 

C the *N2 hydrogenation is the PDS. Unlike NRR on complexes A (C), the energy shift slightly occurs 

on complex D while the PDS reactions are all related to the first hydrogenation reaction. Therefore, 

we confirm that the presence of the ligand influences the studied electrocatalysts reducing their activity 

for NRR. The reason may be related to the electron donation of N atoms which makes the FeN5 center 

negative and consequently unfavorable for NRR. 

57Fe Mössbauer spectroscopy  

57Fe Mössbauer spectroscopy is a well-known method for the determination of the local electronic 

structure and coordination of iron nuclei in materials containing Fe atoms in their active sites 68-69. The 

quadrupole splitting energy (∆EQS) is an important Mössbauer parameter that is affected by changing the 

Fe oxidation state, spin state, or the chemical surrounding 70. Since the studied structures are in close 

agreement with those reported for similar Fe-N-C structures 71-72, we believe our results are also accurate 

for the proposed FeN4C8 structures.  

As was reported by Mineva et al. 71, the obtained ∆EQS values for complexes containing Fe(II)N4 

pyridinic moieties can be assigned to the experimental doublet D2 (∆EQS=1.7−3.3 mm.s-1) with a low 

(S=0) or medium-spin state (S=1). We did not consider the high spin state (S=2) because the obtained 

Mössbauer parameter values for this spin state were never experimentally observed for Fe-N-C catalysts 

73-74. Thus, we calculated the ∆EQS for the pure and the six-fold-coordinated Fe(II)N4 catalysts and 

reported the data in Table S3. Obtained ∆EQS values for the studied complexes containing Fe(II) with S=0 

spin state are in the range of the reported experimental ∆EQS values, while in the pure catalysts, the 
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quadrupole energy for both S=0 and S=1 is close to the experimental value of 3.3 mm.s-1. Thus, the low 

spin FeII (S=0) is assigned to the FeN4 catalysts in pure and six-fold coordinated configurations. 

By either adsorption of an NRR species (here an *NH moiety) or a ligand (here NH2) the oxidation 

state of iron increases from FeII to FeIII. The obtained ∆EQS values for five-fold coordinated FeN4 

catalysts in S= 5/2 (0.9<∆EQS<1.2 mm.s-1), in close agreement with experimental values 71, 75-76 (see 

Table S4).  

NRR selectivity  

To better estimate the catalytic activity of the complexes for NRR, their selectivity for the competing 

reactions should be investigated carefully. As a coupling reaction to NRR, the hydrogen evolution 

reaction (HER, 2H+ +2 e− → H2, E0 =0 V) should be suppressed to improve the selectivity of nitrogen 

fixation77. HER is an important issue that hinders the development of efficient electrocatalysts 55, 78. In 

acidic conditions, HER consumes a significant amount of H+/𝑒− pairs, and may occupy the same active 

sites of NRR electrocatalysts and produce H2 at similar limiting potentials as for NRR, reducing the 

Faraday efficiency (FE) and inducing low selectivity 79-80. Therefore, asses the selectivity of the studied 

complexes with and without the fifth ligand for NRR, also the HER competition reaction should be 

considered. Here, we investigate the possibility of HER on the catalysts in three different ways. The 

adsorption selectivity is one way to improve overall NRR selectivity 81-82. One can see in Figure 6a that 

for most of the studied complexes, the end-on N2 adsorption is thermodynamically preferable to either 

side-on *N2 or *H adsorption, except for complex A which tends to actively adsorb *H (-2.06 eV) rather 

than side-on (-1.73 eV) or end-on (-0.16 eV) *N2. Moreover, the side-on orientation of *N2 on complexes 

B and C along with both end-on and side-on orientations on complex D are thermodynamically 

unfavorable at ambient conditions. Thus, the HER reaction may outcompete the NRR on complex A. To 

further evaluate our results, we plotted the *H vs *N2 free energy of adsorption considering the *N2 side-

on adsorption as a more energetically favorable configuration on complex D. As shown in Figure 6b, the 

catalysts in the blue region have a better NRR selectivity. As expected, despite the low NRR onset 
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potentials, complex A shows a larger tendency for HER reaction than NRR. Therefore, complex A could 

not be considered as a suitable electrocatalyst for NRR. Finally, we evaluate the selectivity of each 

catalyst toward HER and NRR by computing the corresponding limiting potentials of HER (UL(HER)) 

for each system. The calculated UL(HER) on complxes A, B, C, and D is  2.06, -0.16, -025, and -0.89 V, 

respectively, suggesting the poor HER performance on all complexes except for complex A. We further 

calculated the UL (NRR) – UL (HER) as shown in Figure 6c 55, 78. It is known that the less negative UL 

(NRR) – UL (HER) values indicate higher NRR selectivity while our computed results are all in the 

negative region. According to Figure 6a, NRR is more active on the studied complexes in the order of 

complex D > complex C > complex B > complex A. The NRR limiting potential of distal and alternating 

mechanisms is considered for all complexes except for complex A, for which we considered the lowest 

UL that is related to the alternating mechanism. Complexes B, C, and D can be considered as NRR active 

catalysts, from which complex B is confirmed to be NRR active due to the lower onset potential of -1.33 

V vs HSE.  

 

Figure 6. *N2 and *H adsorption free energy (a), the free energy changes of *H adsorption vs *N2 adsorption 

(b), and the difference between the UL(NRR) and UL(HER) (c) on complexes A-D  

Thus, we here show that although FeN4C8 is expected to be a more active catalyst for NRR than 

the traditional pyridinic FeN4C10 catalyst with a very low limiting potential of -0.24 V vs HSE, the 

HER outcompetes the NRR and therefore reduces the possibility of NRR to occur on this catalyst (see 

Figure 7). However, as proposed by Dodelet et al. 45 utilizing similar catalysts for ORR, we hereby 
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confirm that FeII is a representative ion of FeN4C8 and FeN4C10 catalysts toward NRR at 0V potential. 

Finally, we concluded that although HER outcompetes the NRR on complex A, the negligible 

overpotential required for NRR on this catalyst can make it a good candidate for further catalytic and 

energy conversion investigations. 

 

Figure 7. Visualization of the NRR on FeN4C8 and FeN4C10 catalysts. During the reduction process, the four-fold 

coordination of FeIIN4C8 changes to five-fold coordination FeIIIN4C8, and the NRR activity increases. In the presence of 

the ligand (𝐍𝐇𝟐−) the oxidation number of FeII does not change while the NRR activity of the catalyst decreases drastically. 

Color code: brown, C; blue, N; orange, Fe; and white, H. 

Conclusion 

Based on DFT and Mössbauer spectroscopy calculations, we propose that the traditional pyridinic 

FeIIN4C10 has higher catalytic activity and selectivity for NRR than the robust FeIIN4C8 catalyst. 

Notably, our study indicated that against the previously proposed ligand effect and Fe switching 

behavior 20, the FeN4Cx monolayer with NH2 functional ligand exhibits low catalytic applications on 

the NRR, while they suppress the HER for the NRR yielding ammonia. Using Mössbauer calculations 

we confirmed the changes in the iron oxidation number during the NRR process which were in good 
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accordance with the reported experimental data. The derived results can inspire more theoretical and 

experimental designs of different FeN4 catalysts with different C topologies for different catalytic and 

electrocatalytic gas conversions.  

Supporting Information 

Mössbauer calculations; Quadrupole splitting and Isomer shift; The total density of state (TDOS) plots 

for complex A (top) and B (bottom); The most stable optimized adsorption configurations of NRR 

intermediate species through distal and alternating mechanisms on FeN4C8 and FeN4C10 complexes. 

Color code: brown, C; blue, N; orange, Fe; and white, H; (a) The free energy diagram of the NRR 

through the enzymatic pathway on complexes A (black line) and B (blue line) at zero and applied 

potential. The PDS steps are shown in pink color. (b) The corresponding optimized adsorption 

configurations of the NRR intermediates on complexes A and B. Color code: brown, C; blue, N; 

orange, Fe; and white, H; Comparison of the distal and alternating mechanisms on complexes A with 

C (top) with complexes B and D (bottom) at zero potential. The pink lines are the PDS steps; The 

optimized configurations of NRR intermediates on complex C through the distal, alternating, and 

enzymatic pathways. Color code: brown, C; blue, N; orange, Fe; and white, H; The optimized 

configurations of NRR intermediates on complex D through distal and alternating pathways. Color 

code: brown, C; blue, N; orange, Fe; and white, H; The computed average N-N bond length (dN-N) of 

adsorbed *N2 on complexes A, B, C, and D along with the corresponding adsorption energy (Eads) of 

*N2 and *H; The computed average Fe-N bond length (dFe−N) of NRR intermediates, the adsorption 

energy (Eads) of the Fe atom, the calculated NRR limiting potential (Ulim), and overpotential (η) on 

each complex in distal, alternating and enzymatic mechanism.Quadrupole splitting energy (∆EQS) in 

mm.s-1 for the catalysts containing ferrous moieties; Quadrupole splitting energy (∆EQS) in mm.s-1 for 

the catalysts containing ferric moieties. 

Acknowledgments 

The authors gratefully acknowledge the financial support from the Fund of Scientific Research 
Flanders (FWO), Belgium, Grant number 1261721N. The computational resources and services used 
in this work were provided by the HPC core facility CalcUA of the Universiteit Antwerpen and VSC 
(Flemish Supercomputer Center), funded by the FWO and the Flemish Government. 
  



18 

 
Graphical abstract: Effects of the ligand and C topologies on electrochemical N2 reduction on Fe-N4-Cx (x=3,8,10) 

catalysts 
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Mössbauer calculations 

The electric field gradients (EFGs) at the positions of the Fe nuclei are calculated for all structures 

using VASP 1. Cutoff energy of 400 eV and a -point centered k-point mesh of 5×5×1 is chosen for 

the simulated models. Convergence of the total energy was calculated using an energy cutoff in the 

range of 300-900 eV and the k-point sampling used meshes from 1×1×1 to 9×9×1. In all cases, the 

Fermi-Dirac smearing method with a sigma value of 0.03 eV was used 2. 

Quadrupole splitting and Isomer shift 

The quadrupole splitting energy (Δ𝐸𝑄𝑆 ) can be obtained from the coupling between the nuclear 

quadrupole moment (Q) of the non-spherical nucleus and the principal components Vii (I = x, y, z) of 

the EFG tensor at 57Fe nucleus using:  Δ𝐸𝑄𝑆 = 12 𝑒𝑄V𝑧𝑧√1 + 𝜂23           (1) 

Here e and Q are the elementary charge and nuclear quadrupole moment, respectively. The quadrupole 

moment of the excited 57Fe nucleus is about 0.16 barn (1barn = 10-28 m2) 3. The EFG asymmetry 

parameter (𝜂) is defined as 𝜂 = (V𝑥𝑥 −  V𝑦𝑦)/V𝑧𝑧 where |V𝑧𝑧| ≥ |V𝑦𝑦| ≥ V𝑥𝑥. In order to compare the 

computed Δ𝐸𝑄𝑆 values with the corresponding experimental data, Δ𝐸𝑄𝑆 is reported in units of mm/s. 

Calculation of Δ𝐸𝑄𝑆 and 𝜂 involves a computation of the EFG through the value of the EFG operator, V𝑖𝑗 = 〈Ψ0 |3𝑖𝑗−𝑟2𝑟5 | Ψ0〉, for the electronic ground state Ψ0 with i, j = x, y, z denoting components of the 

electron radius vector r. 

The isomer shift (IS), 𝛿, always relates to the differences in electron density at the nucleus in the 

absorber (𝜌0𝑠𝑎𝑚𝑝𝑙𝑒) and a reference (𝜌0𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒) compound (typically 𝛼-Fe). This parameter can be 

calculated as 4: 𝛿 =  𝛼(𝜌0𝑠𝑎𝑚𝑝𝑙𝑒 − 𝜌0𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒) 

where 𝛼 is the so-called calibration constant (𝛼 = −0.1573𝛼03 𝑚𝑚. 𝑠−1) which is determined from 

the experimental parameters of the 57Fe nuclear transition 5 and 𝜌0 is the nonrelativistic calculated total 

charge density at the iron nucleus. Both QS and IS arise from the interaction between the charge 

densities of the iron nucleus and the surrounding electrons. The QS gives information about the electric 

field gradient, that is, the degree of asymmetry within the electron density while IS gives the electron 

density at the iron nucleus also known as the contact density 6-7. 
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Figure S1. The total density of state (TDOS) plots for complex A (top) and B (bottom) 
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Figure S2. The most stable optimized adsorption configurations of NRR intermediate species through distal 
and alternating mechanisms on FeN4C8 and FeN4C10 complexes. Color code: brown, C; blue, N; orange, Fe; and 
white, H. 
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The adsorption of the N2 molecule on the FeN4 site in the enzymatic mechanism is strongly 

exothermic on complex A while it is endothermic on complex B (see Figure S3). However, although all 

hydrogenation steps on complex A in the enzymatic pathway are downhill, the hydrogenation of *N2 is 

endothermic with ∆Gmax = 1.07 eV, indicating a slower reaction than for end-on configurations. On 

complex B the first three hydrogenation steps are uphill from which the formation of *NHNH is 

considered as the PDS, with ∆Gmax = 0.70 eV.  

Moreover, we find that in contrast to the alternating mechanism, the dFe-N increases drastically in both 

distal and enzymatic pathways (see Table S2) which might lead to the instability of the doped Fe atom, 

increasing the PDS value in the corresponding pathways as was proposed in a previous investigation for 

ORR on a similar catalyst 8.  

 

Figure S3. (a) The free energy diagram of the NRR through the enzymatic pathway on complexes A (black 
line) and B (blue line) at zero and applied potential. The PDS steps are shown in pink color. (b) The 
corresponding optimized adsorption configurations of the NRR intermediates on complexes A and B. Color 
code: brown, C; blue, N; orange, Fe; and white, H. 
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Figure S4. Comparison of the distal and alternating mechanisms on complexes A with C (top) with complexes 
B and D (bottom) at zero potential. The pink lines are the PDS steps. 
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Figure S5. The optimized configurations of NRR intermediates on complex C through the distal, alternating, 
and enzymatic pathways. Color code: brown, C; blue, N; orange, Fe; and white, H. 

 

 

 

 

 

 



S8 
 

 

 

Figure S6. The optimized configurations of NRR intermediates on complex D through distal and alternating 
pathways. Color code: brown, C; blue, N; orange, Fe; and white, H. 
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Table S1. The computed average N-N bond length (dN−N) of adsorbed *N2 on complexes A, B, C, and D 
along with the corresponding adsorption energy (Eads) of *N2 and *H. 

Complex dN-N (Å) Eads(eV) 
*N2 - endon *N2 - sideon *N2 - endon *N2 - sideon *H 

A 1.14 1.15 -0.61 -2.17 -2.06 

C 1.14 1.14 -0.79 -0.06 0.05 
B 1.14 1.16 -0.71 0.16 -0.03 
D 1.14 1.12 -0.12 -0.18 0.69 

 

Table S2. The computed average Fe-N bond length (dFe−N) of NRR intermediates, the adsorption energy (Eads) 
of the Fe atom, the calculated NRR limiting potential (Ulim), and overpotential (η) on each complex in distal, 
alternating and enzymatic mechanism. 

Complex 
dFe−N (Å)- Distal 

Eads-Fe (eV) UL(V) η (V) 
Pure  *NNH *NNH2 *N *NH *NH2 *NH3 

A 1.85 1.89 1.90 1.98 2.02 1.88 1.84 -4.52 -0.42 0.26 
C 1.88 1.92 1.88 1.94 1.93 1.88 1.86 - -1.54 1.38 
B 1.88 1.93 1.92 1.93 1.90 1.90 1.90 -7.42 -1.33 1.17 
D 1.91 1.94 1.91 1.90 1.94 1.93 1.90 - -1.59 1.43 

 

Complex 
dFe−N (Å)- Alternating 

Eads-Fe (eV) UL(V) η (V) 
Pure *NNH *NHNH *NHNH2 *NH2NH2 *NH2 *NH3 

A 1.85 1.88 1.85 1.85 1.84 1.88 1.84 -4.52 -0.24 0.08 
C 1.88 1.92 1.88 1.92 1.91 1.88 1.86 - - 1.38 
B 1.88 1.93 1.90 1.90 1.89 1.90 1.90 -7.42 -1.33 1.17 
D 1.91 1.94 1.90 1.92 1.90 1.93 1.90 - - 1.43 

 

Complex 
dFe−N (Å)- Enzymatic 

Eads-Fe (eV) UL(V) η (V) 
Pure *NNH *NHNH *NHNH2 *NH2NH2 *NH2 *NH3 

A 1.85 1.87 1.87 1.87 1.84 1.88 1.84 -4.52 -1.07 0.91 
C 1.88 1.92 1.91 1.94 1.91 1.88 1.86 - -1.82 1.66 
B 1.88 1.93 1.90 1.92 1.89 1.90 1.90 -7.42 -0.70 0.54 
D 1.91 - - - - - - - - - 
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Table S3. Quadrupole splitting energy (∆EQS) in mm.s-1 for the catalysts containing ferrous moieties 

Rows  Complex  ∆EQS (S=0) ∆EQS (S=1) 
1 Complex A 3.2 3.1 
2 Complex B 3.3 3.2 
3 NH@complex C 1.59 0.78 
4 NH@complex D 1.24 0.58 

 

 

Table S4. Quadrupole splitting energy (∆EQS) in mm.s-1 for the catalysts containing ferric moieties  

Rows  Complex  ∆EQS (S=1/2) ∆EQS (S=3/2) ∆EQS (S=5/2) 
1 Complex A@NH 1.09 1.59 0.85 
2 Complex B@NH 1.77 1.40 1.21 
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