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Abstract

Transition metal (TM) doped two-dimensional single-atom catalysts are known as a promising class
of catalysts for electrocatalytic gas conversion. However, the detailed mechanisms that occur at the
surface of these catalysts are still unknown. In the present work, we simulate three Mo-doped
nitrogenated graphene structures. In each catalyst, the position of the Mo active site and the
corresponding local carbon topologies are different, i.e. MoN4Cjo with in-plane Mo atom, MoN4Csg in
which Mo atom bridges two adjacent armchair-like graphitic edges, and MoN>C3 in which Mo is doped
at the edge of the graphene sheet. Using Density Functional Theory (DFT) calculations we discuss the
electrocatalytic activity of Mo-N-C structures for nitrogen reduction reaction (NRR) with a focus on
unraveling the corresponding mechanisms concerning different Mo site positions and C topologies.
Our results indicate that the position of the active site centers has a great effect on its electrocatalytic
behavior. The gas phase N: efficiently reduces to ammonia on MoN4Cs via the distal mechanism with
an onset potential of -0.51 V. We confirm that the proposed pyridinic structure, MoN4Cs, can catalyze

NRR effectively with a low overpotential of 0.35 V.

Keywords: Electrocatalytic nitrogen reduction; Electrocatalysis; Single atom catalyst; Mo doped

graphene



Introduction

Ammonia (NH3), a carbon-free energy carrier [1], is known as one of the most essential chemicals.
In the traditional Haber-Bosch process for the formation of ammonia, a large amount of energy
consumes with massive emissions of carbon dioxide (COz). Therefore, developing other approaches
to producing NHj is of great interest. Recently, the electrochemical nitrogen reduction reaction (NRR)
is used as an alternative way for the formation of NH3 under mild conditions using renewable sources
of energy like solar or wind energy [2-4]. However, designing low-cost and high efficient
electrocatalysts remains a big challenge [5-7].

Single-atom catalysts (SACs) are known as promising materials for a variety of (electro)catalytic
reactions which are due to their high activity and selectivity [8-10]. Amongst, metal-doped pyridinic-
N4 embedded carbon materials are extensively studied for various catalytic purposes [11, 12]. In these
catalysts, the transition metal doped N4 (TM-Ny) is an active site while the surrounding carbon atoms
stabilize the doped TM atom [13]. To date, the interest of theoretical and experimental investigations
is to catalyze nitrogen fixation by heterogeneous catalysts, like Ru [14, 15], Pd [16, 17], or metal-free
catalysts [18, 19]. The hydrogen evolution reaction (HER) is known as a competing reaction for NRR.
HER leads to a low Faradaic efficiency (FE) [20, 21] and therefore, there is an urgent need to develop
heterogeneous catalysts with significant activity and selectivity for catalyzing NRR.

Additionally, the topology of the local carbon atoms surrounding TM-Ny active centers influences
their electrocatalytic activity. The concept of the local carbon atoms was discovered in 2002 [22],
2007 [23], and rediscovered in 2008 [24] proposing a structure for most FeNx/C active sites based on
the previously proposed structures. Then, Lefevre et al. [25] synthesized microporous carbon-
supported Fe-based catalysts which were active toward oxygen reduction reaction (ORR). Lastly, in
2015, Jia et al. [26] and Nematollahi et al. [27], proposed that pyridinic FeN4Csg has great catalytic
activity in the presence of a fifth ligand for catalytic ORR. However, recent reports indicated that Fe-
N-C catalysts are considered as promising materials not only for ORR but also for NRR at room
temperature [28, 29].

Molybdenum (Mo) is known to exhibit great potential for catalyzing NRR [30-34] and shows attractive
catalytic properties [35, 36] confirmed by Ngrskov et al. [37]. Recently, Mo-N-C electrocatalyst is
synthesized and its catalytic activity is compared with the Fe, Mo-codoped hollow porous carbon
nanorods for NRR [34]. Dessie et al. [38] successfully prepared nitrogen-doped defective carbon (Mo-
N4/d-C) with a high loading of 0.996 wt % via a designed vapor-deposition process for IOR-based
hydrogen generation. This motivates us to investigate the electrocatalytic activity of three different

types of MoNxCy catalysts with different local C topologies for NRR. We found that although all the



complexes can actively catalyze the NRR, the pyridinic MoN4Cg is more NRR active. Our results may
help guide the experimental synthesis of highly efficient electrocatalysts for NRR or energy-
conversion applications.

Computational details

DFT calculations. The spin-polarized DFT computations are performed using the Vienna ab initio
simulation package (VASP) [39-41] with the Perdew-Burke-Ernzerhof (PBE) [42] functional for
treating exchange-correlation effects. The projected augmented wave (PAW) method [43] is applied
to describe the ion-electron interactions. A cutoff energy of 400 eV is chosen after checking the
convergence energies with the convergence criterion of 10 eV and 0.01 eV/A for the energy and
force, respectively. The zero-damping Grimme approximation, DFT-D2, is used [44] to calculate the
weak dispersion interactions (we found that the use of DFT-D3 dispersion [45] has negligible changes
in the reaction coordinates of the order of 0.05 eV). Two different pyridinic MoNs models with
different local carbon topologies, MoN4+Cg and MoN4Co, along with Mo-doped graphene edges are
constructed using VESTA [46]. A 4X3, 4X2, and 4X4 unit cell is used for MoN4Cs, MoN4Cjo, and
MOoN,Cs, respectively. The vacuum space is set to 15 A in the z-direction. The Brillouin zones were

sampled with a 5 x 5 x 1 Monkhorst—Pack mesh.

The electrochemical N> reduction to ammonia, viz. No» + 6H* + 6¢” — 2NH3, involves six proton-
coupled electron transfer steps. To calculate the reaction Gibbs free energy change (AG) for NRR
processes we used the proposed computational hydrogen electrode (CHE) model by Ngrskov et al.
[47, 48]. In this model, the chemical potential of the proton-electron pair (H* + e™) can be referenced
to one-half of H> at standard reaction conditions. Therefore, the change in the free energy for each
reaction step can be expressed according to the AG= AE + AZPE — TAS + AGpu + AGu equation. AE,
AZPE, T, and AS are the calculated total energy, the change in the zero-point energy (ZPE), the
temperature (in this work 298.15 K), and the entropy change, respectively. The VASPKIT code [49]
is used to calculate the AZPE and AS values from vibrational frequency calculations. AGpn refers to
the free energy correction of the pH, AGpu = kgT x pH x In 10 (or 0.059 x PH). The kg in this equation
refers to the Boltzmann constant and the value of pH is set to be 0. The free energy contribution related
to the applied electrode potential (U) is shown with the AGy term, i.e., AGy = -neU, where n and e are
the numbers of H* + e pairs transferred in NRR and the unit charge, respectively. Moreover, we
calculate the limiting potential (Ujim) according to the —AGmax/e” formula in which AGnax is related to
the maximum free energy value obtained from an NRR step which determines the potential
determining step (PDS). Finally, theoretical overpotential (77) can be calculated via the N = Uequ — Ulim
equation. Uequ refers to the equilibrium potential of NRR reaction, viz. -0.16 V vs. RHE [30, 50].



According to Ngrskov et al. [51, 52] the stabilizations of adsorbed ORR intermediates on the Pt surface
are between 0.25 and 0.5 eV while the stabilization of NRR intermediates is between 0.1 to 0.2 eV.
Due to the similarity in the corrections, they suggested that shifts in activity might be related to the
shifts along the scaling, and therefore, the fundamental boundaries are not changed dramatically from
interactions with just H>O. Thus, in this work, the solvation effect has not been included.
Results and discussions
Catalyst stability

Three different models involving Mo-doped pyridinic-N embedded graphene with various carbon
topologies are investigated. In the MoN4Cs catalyst (complex A, Figure 1a), the MoNy site bridged
two armchair-like graphitic edges. Although the MoN4Cs catalyst is not synthesized yet, recently, a
similar configuration of this catalyst, FeN4Cs, is synthesized [22, 23, 53] and theoretically modeled
[26, 54, 55] by different groups. MoN4Cio configuration is similar to the well-known metal-doped
pyridinic N4 embedded graphene which is the most stable representative of single metal atom doped
Ny catalysts (see complex B, Figure 1b). In this structure, the Mo atom is placed in-plane at the center
of N4 vacancy of the graphene sheet [11, 56-60]. Lastly, when the Mo atom binds with the edge-N
atoms, the formed configuration is the MoN2C3 (complex C, Figure 1c¢).

Structural stability is an important requirement for electrocatalytic materials. This is closely
related to their experimental fabrication and catalytic activity for long-term use [61]. Therefore, strong
binding between the doped single metal atom and the anchoring substrate is very important to prohibit
its diffusion and aggregation on the surface, which leads to different problems in SACs during
operation. To address this, we here calculate the binding energy (Es) of a single Mo atom anchored
into the defective N4 graphene, i.e. Eb = Ecomplex — Es — Emo. Ecomplex, Es, and Ewmo refer to the energy of
the Mo-doped complex, defective Na() structure, and isolated Mo atom, respectively. The computed
Ep for the MoN4Cs, MoN4Cio0, and MoN2C3 complexes is -5.67, -6.60, and -3.76 eV, respectively. The
negative E, values strongly indicate that the doped Mo atom into the surrounding Nx vacancies has a
low tendency to aggregate on the surface and therefore substantiate a good structural stability of the
established models. Our results are comparable to previous investigations for similar NRR
electrocatalysts [62-65]. The computed Mo—N bond length (dmoN) of the optimized complexes is
calculated to be in the range of 1.97-2.58 A. As shown in Figure 1, the highest and lowest Mo-N bond
length is related to complex B and C, respectively. According to the Bader charge analysis [66] in all
the complexes, the Mo atom donors its electrons to the surrounding electronegative N atoms (see Table
S1) and makes it positively charged. The charge transfer between Mo and the nearest neighboring N

atoms is beneficial to stabilizing the Mo-N bonds, thereby confirming the structural stability of the



catalysts. One can see in Table S1 that more electrons are transferred from the catalysts to the
surrounding N atoms from 1.17 to 1.20 e. We confirm the considerable charge distribution for Mo-N

bond lenghes.

a)

Complex A Complex B Complex C

Figure 1. Proposed MoN4Cg (complex A), MoN4Cip (complex B), and MoN,C; (complex C) structures as
representative Mo-N-C materials along with the corresponding Mo-N bond lengths. All the values are in Angstrom. Color

code: brown, C; blue, N; purple, Mo; white, H

The electronic properties of the first two stable complexes are then calculated to obtain a reasonable
description of electron distributions in solids that are beneficial for chemical bond classification.
Figures 2a and 2b show the density of states (DOS) of complexes A and B along with their
corresponding band structures, respectively. One can see that the DOS near the Fermi level is
contributed by the Mo d-orbitals and the p-orbitals of N and C can be neglected. This confirms that
the special coordination environment can improve the domination of d-electrons near the Fermi level
and consequently can enhance the conductivity and catalytic activity of the complexes which is in
favor of electrochemical NRR. A similar trend is reported for other Mo-doped N-embedded graphene

structures [67].
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Figure 2. The calculated (a, c) density of states (DOS) and (b, d) band structure of complexes A and B. The Fermi level is
set at 0.

Chemisorption and activation of N2

*N> chemisorption and activation on the surface of the electrocatalyst is the first step of NRR and
is crucial for the subsequent hydrogenation process [68]. Figure 3 illustrates the optimized
configurations of *N» adsorbed on complexes A, B, and C via both end-on and side-on modes. The
negative adsorption free energies of *Nz imply its spontaneous chemisorption on all complexes,
thereby validating the capability of the studied substrates for *N» adsorption and activation. Unlike
complex B which adsorbs the *N> molecule with the same adsorption energy for both end-on and side-
on modes, AE.s= -2.2 eV, *N2 adsorption predominantly adopts the end-on configuration on
complexes A and C with AEags= -2.13 eV and AE.das = -1.29 eV, respectively. The similar AEaqs for
both *N> modes on complex B can be defined by calculating the Mo-N bond lengths. Generally, the
longer the Mo-N bond, the weaker the interaction between the Mo atom and adsorbed *N2 species (see
table S2) and consequently, the lower the calculated adsorption energies. One can see in Table S2 that
the obtained Mo-N bond length for both *N2 modes on complex B is 1.96 A. Therefore we can expect
the similar AE.qs for these configurations wheras on complex A, the end-on *N» has the lowest Mo-N
bond length and therefore has the highest AEags.

To further investigate the stability of the adsorbed configurations and *N> activation, the Bader

6



charge analysis is calculated. Our results reveal that upon *N> adsorption, the N-N bond increases in
both the end-on and side-on modes, specifically in side-on configurations (see Figure 3). In all the
configurations, the Mo unoccupied d-orbitals accept lone pairs or n-electron donation from adsorbed
*N>. However, the occupied d-orbitals of the Mo atom can back-donate electrons to the antibonding
7" orbitals of *N». These electron transfers, weaken the strong triple N=N bond and activate the N>
species upon adsorption on the surface. This electron transfer is shown through the electron density
difference (EDD) map confirming a great charge transfer from Mo to N atoms (see Table S2). Unlike
the pure complexes A and B, upon *N: adsorption, more electrons transfer from these catalysts to the
adsorbed *N>, especially in side-on configurations. This can also be seen in complex C with lower and
higher charge transfer for the end-on and side-on configurations, respectively. However, these great
charge transfers lead to the N-N bond elongation, specifically in the side-on configurations where the
N-N bond elongates from 1.10 A in the free N> molecule to 1.23-1.27 A. The significant charge transfer
and N activation confirm the strong chemisorption of *Nz on the Mn center of the complexes mainly
on complexes A and B. Our results are greater than the total electron transfer for *N» adsorption on
Mo-doped boron nitride monolayer [69] indicating that the inert N> becomes more activated on MoNx

monolayers.

Figure 3. Optimized configurations of the *N, molecule adsorbed on complexes A, B, and C via end-on (a, c, e) and
side-on (b, d, f) pattern along with the corresponding electron density difference (EDD) map. The charge accumulation and
depletion are displayed by the yellow and cyan region with the isosurface value of 0.004 e/A3. The bond lengths and

adsorption energy values are in A and eV, respectively. Color code: brown, C; blue, N; purple, Mo; white, H

To gain a better physical insight into the pure complexes and adsorbed configurations, we analyzed
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the DOS of *N on the Mo atom of complexes A and B (Figure S1). The DOS plots demonstrated that
on both *N; orientations, a considerable broadening of antibonding orbitals occurs, showing a great
electron donation and back-donation of the catalysts (Figures S1i-1). Moreover, one can see in Figures
S1c-f that upon adsorption of *N> on the Mo atom of complexes A and B, the contribution of the Mo
d-orbitals and N p-orbitals increases by forming sharper peaks near the Fermi energy.
Electrocatalytic reduction of N2

Screening the MoNxCx complexes as NRR electrocatalysts

The adsorption configuration of *N; defines the pathway in which the *N> reduces to NH3/NH4". It is
well-established that the NRR proceeds via three pathways, namely distal, alternating, and enzymatic.
The NRR pathways proceed in accordance with the adsorbed *N: configuration that can be either end-
on (required for distal and alternating mechanisms) or side-on (required for enzymatic pathway).
According to previous investigations [37, 70], two stable to unstable transitions are found in the NRR
process: the first (*N2 —*NNH) and the last hydrogenation step (*NH2 — *NHj3). The reason is that
*N3 1s a stable molecule and breaking its triplet N=N bond requires a large energy change which makes
the first hydrogenation reaction endergonic. In the last hydrogenation step, the *NHb> species tends to
be stabilized on the Mo active center of the catalysts by converting to *NH3. In contrast, in *NHs, all
the hybrid orbitals are filled and thus making it unstable on the surface, compared to *NH>. Thus, the
formation of *NHj3 should also be endergonic while the hydrogenation of other intermediates is
estimated to be exergonic [71, 72]. Therefore, we screened these two reactions on each catalyst and
calculated the corresponding free energy of the reaction, AGno-nnH, and AGnuz-nn3 as the activity
descriptor. In addition, the adsorption energy of *N3 is also considered because the chemisorption and
activation of *N» on the catalyst’s surface are also crucial [37] (see Figure 4a). To ensure that the
limiting potential is close to that of the best transition metal [37, 73] we studied the NRR on the
catalysts with both AGno-nva and AGrmz-na3 values lower than 0.60 eV (see Figure 4b). One can see that
complex A looks more suitable for NRR while complexes B and C require for about 0.04 and 0.05 eV

more free energy than the determined threshold value reported for catalyzing the first and last



hydrogenation steps and can be neglected. Therefore, in this work, we further screened out the NRR

mechanisms on all the studied catalysts.

(b) Distal & alternating & enzymatic (NH2—>*NHs)
BEEH Distal & alternating (*N2-—>*NNH)
Enzymatic(*Nz-->"NNH)

AE 345(eV)

02

BEE N; adsorption end-on

A8 N, adsorption side-on 001

Comp.)lex A Com;;lex B Comp'rlex C Com;;rlex A Com;;lex B Com;;.)lex C

Figure 4. *N, adsorption energy (a) and Gibbs free energy changes for the hydrogenation of *N, and *NH,

intermediates (b) on complexes A, B, and C

We then investigated the dital, alternating, and enzymatic mechanisms on complexes A, B, and C and
the corresponding AGmax for each pathway is plotted and shown in Figure 5. One can see that all the
complexes can catalyze NRR with AGmax lower than < 1 eV except for the enzymatic mechanism on
complexes A and B with AGmax > 1 eV (below the black dashed line). However, the distal/alternating
mechanisms on complexes A/C and distal mechanism on complex B requires AGmax < 0.75 eV (below
the red dashed line) while the alternating mechanism on complex B and the enzymatic mechanism on
complex C requires 0.75 eV < AGmax < 1 eV. Therefore, in the following sections, we mainly focus on
the mechanisms with AGmax < 0.75 eV and the reaction mechanisms with AGmax > 1 €V and 0.75 eV <

AGmax < 1 eV are plotted and shown in Figures S2-S4 in the Supporting Information.

Enzymatic §

Complex A
B Complex B
Complex C

000 025 050 075 100 125
PDS(eV)

Figure 5. Computed reaction free energy for distal, alternating, and enzymatic pathways on complexes A, B, and C. Each

catalyst is depicted in different colors



NRR on complex A

We plotted the free energy diagrams for NRR on complex A in Figure 6. In each step of the NRR
mechanism, the proton/electron pairs are transferred to the electrode surface which results in the
consecutive hydrogenation of nitrogen species forming different reaction intermediates, depending on
the ongoing mechanism, and finally the formed NHj3 releases from the surface at two different steps. In
the distal mechanism, the first NH3 molecule produces directly after the first three hydrogenation steps
forming *NNH, *NNH>, and *N species on the active MoNy site, whereas the second NH3 molecule
forms at the last step, when the next three proton/electron pairs attack the remained *N atom forming
*NH, *NH», and *NH3 intermediates. In contrast, in the alternating and enzymatic mechanisms, the
proton/electron pairs interact with two N atoms of the adsorbed *N; alternatively. As mentioned in the
previous section, the only difference between these two pathways is the adsorption configuration of
adsorbed *Na.

As expected, in the distal mechanism, the first hydrogenation of *N; is thermodynamically
unfavorable with AG=n2-sxnvH = 0.51 €V at zero potential. Subsequently, the *H species interacts with
the terminal N atom and forms *NNHoz. The first NH3 molecule is released from the surface in the third
hydrogenation step and *N remains on the surface. In all of the hydrogenation steps, the N-N bond
length increases from 1.10 Ain the gas phase N> to 1.35 A in *NNH; species (see Figure 6a). The next
three hydrogenation steps are required to produce the second NH3 molecule from *N protonation,
forming *NH, *NH>, and *NH3 on the Mo active site of the catalyst. The addition of proton/electron
pairs in each step leads to the elongation of Mo-N bond length from 1.68 A in *N configuration to 1.95
A and 2.24 A in *NH, and *NHj configurations, respectively. According to previous investigations
[74, 75], the adsorbed *NH3 species is easily protonated to *NH4" under electrochemical conditions.
Therefore, here, we do not discuss this protonation step in detail. Up to now, all hydrogenation steps
are downhill except for the formation of *NH> and *NH3 with a surmountable free energy value at
ambient conditions. One can see in Figure 6a that the formation of the second *NHj3 requires lower
free energy (AG+nu2-+nu3=0.18 eV) than the formation of *NNH (AG:n2-nvu=0.51 eV). Therefore, the
protonation of *N» is the PDS in the distal mechanism with a limiting potential of Ujim= -0.51 V vs

SHE. The calculated overpotential for the distal mechanism is n =0.35 V.
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Figure 6. Free energy profiles for NRR on complex A through distal (a) and alternating (b) mechanisms at zero and

applied potentials along with the corresponding optimized configurations. Color code: brown, C; blue, N; purple, Mo;
white, H

In the alternating pathway, the protonation steps occur alternatively on *N atoms. Additionally, the first
and second NH3 molecule forms and desorbs from the catalyst in the fifth and sixth protonation steps,
respectively. Compared to the distal mechanism, in the second hydrogenation step, the N-N bond
elongation is lower, N-N = 1.29 A, in the alternating pathway than that in the distal mechanism, N-N
= 1.35 A. In the next hydrogenation steps, the N-N bond increases to 1.44 A until the first NH3
molecule forms and is released from the surface. One can see in Figure 6b that except for *N»
protonation which is similar to that of the distal mechanism, the second, fourth, and last hydrogenation
steps are uphill with AG+nxna-snHNH = 0.56 €V, AGsnuNH2-*NH2NH2 = 0.50 eV, and AGsNH2-NH3 = 0.17
eV, respectively. Among the endothermic reactions, the highest free energy change is for the formation
of *NHNH species which is identified as the PDS with -0.56 V vs HSE and n =0.40 V.

NRR on complex B

NRR proceeds with lower Ujim on complex B (Ujim = -0.64 V) via the distal mechanism (Figure 7) than
that of alternating (Uiim = -0.96 V) and enzymatic (Ujm = -1.39 V) mechanisms shown in Figure S3a,b.
In the distal mechanism, the first, fifth, and sixth hydrogenation steps are endothermic with the AG=n>-
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«NNH = 0.26 eV, AGsnp-nm2= 0.26 eV, and AGsnmiz-+nm3 = 0.64 eV, respectively. The formation of *NH3

is considered as the PDS with the higher reaction free energy value and 7 is calculated to be 0.48 V.
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Figure 7. Free energy profiles for NRR on complex B through distal mechanism at zero and applied potentials

NRR on complex C

The electrocatalytic activity of the Mo-doped nitrogenated edges of the catalyst is investigated carefully
for NRR. As shown in Figure 5, distal and alternating mechanisms of NRR on complex C have lower
AGmax values than that of the enzymatic mechanism. Therefore, in the following, we report on the first
two mechanisms, and the free energy plot of the enzymatic pathway is shown and explained in Figure
S4 of the Supporting Information.

One can see in Figure 8a that in the distal pathway, the formation of *NNH, *NH», and *NH3 is
endothermic at zero potential. While the latter two reactions are slightly endothermic with AGsnH-*NH2 =
0.09 eV and AG=nH2-+nu3 = 0.20 €V, the first hydrogenation of *N» has the maximum reaction free energy
of AGn2-+nnu =0.65 eV making this reaction the PDS with the overpotential of 0.49 V. Like the distal
mechanism, the first hydrogenation reaction is the PDS in the alternating mechanism with the same Ulim
and 7 value. As shown in Figure 8b, all the reaction steps are downhill except for the formation of

*NHNH, *NHNH,, and *NH3 from which the formation of *NHNH has the second high AG value of
0.53 eV.
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potentials

HER Selectivity

To understand the catalytic activity of a complex for NRR, its selectivity for the competing reactions
should also be investigated. Hydrogen evolution reaction (HER, 2H* +2 ¢~ — Ha, E® =0 V) is known as
a coupling reaction to NRR and should be suppressed to improve the selectivity of nitrogen fixation [76].
HER is an important issue that hinders the development of efficient electrocatalysts [51, 77]. Generally,
in an acidic environment, HER consumes a significant amount of H*/e ™ pairs. Therefore, there might be
a possibility of the catalysts’ active site occupancy, which leads to the production of H at similar limiting
potentials as for NRR, consequently, reducing the Faraday efficiency (FE) [68, 78]. Therefore, to
compare the HER activity with NRR, we computed the Gibbs free energy of adsorption for *N»
(AGagv2)) and *H(AGadmy) on the Mo active site of each catalyst and shown in Figures 9a and 9b,
respectively. In Figure 9b, the catalysts in the green area are NRR-selective. According to our results,
we confirm that the N2 adsorption is more favorable in all of the studied complexes than the *H
adsorption, and therefore, complex A with higher (more negative) calculated Eags for N2> and lower onset

potential is the most selective catalyst for NRR.
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Figure 9. (a) *N, and *H free energy of adsorption on complexes A, B, and C. (b) Free energy of adsorption for *H and

*N» on complexes A, B, and C where the catalysts in the green region are NRR selective

Moreover, since the NRR is conducted in aqueous electrolytes, HoO* species can poison the metal
active sites of the surface. Therefore, we calculated the adsorption energy of water on the Mo site of
the studied complexes as follows:

Eads = En20@catalyst — Ecatalyst - EH20 - 2EH-bond (1)
where Enxoecatalyst, Ecatalyst, and Emzo correspond to the total energies of the adsorbed water on the
catalyst, the pure catalyst, and the molecular H>O, respectively. It is known that water molecules form
four hydrogen bonds in water [79] with the total hydrogen binding energy of En-bond = —0.26 €V. Upon
adsorption of water molecules on the active center of the catalyst, the adsorbed H2O* can only have
two other hydrogen bonds with the presented water molecules in the solution. Thus, it is necessary to
consider two hydrogen bond cleavages in the H>O adsorption energy calculation. One can see in Table
S2 that the adsorption energy of HoO* in all complexes is lower than that of *N» indicating that the
active sites are mainly covered with *N> rather than HoO* species. Our findings are in good agreement
with the previous report by Zhao et al. [80].

Conclusion

In summary, we investigated the activity and selectivity of NRR on two types of pyridinic MoN4 doped
graphene with different carbon topologies, MoN4Cs and MoN4Cio, and MoN2Cs at the edge of
micropores, using DFT calculations. Our results reveal that all three catalysts can reduce nitrogen with
onset potentials <1.5 V. Amongst, MoN4Cs catalyzes the N> reduction with the lowest onset potential of
-0.51 V vs HSE via the distal mechanism. The stable structure, MoN4Cio, binds strongly with *N species
leading to a higher NRR onset potential of -0.64 V vs HSE through the distal mechanism. Complex C
can catalyze NRR via the distal and alternating mechanisms with the Ujm= —0.65 V. Our investigation

indicate that the position of the active site centers has a great effect on the electrocatalytic behavior of
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the used catalyst. This work provides a comprehensive understanding of the structural stability,
electrocatalytic activity, and selectivity of Mo-N-C catalysts with different C topologies and active site
positions. It also opens up the way to utilize the newly proposed MoNy-Cs electrocatalyst for energy-
conversion and electrocatalysis applications.
Supporting information
The DOS plot for pure complex A (a, g), pure complex B (b, h), end-on *N; adsorbed on complex A
(c, 1), end-on *N; adsorbed on complex B (d, j), side-on *N» adsorbed on complex A (e, k), and side-
on adsorbed *N2 on complex B (f, 1); The NRR through the enzymatic pathway on complexes A at
zero and applied potential along with the corresponding optimized configurations. Color code: brown,
C; blue, N; purple, Mo; and white, H; The NRR through the alternating (a) and enzymatic (b) pathways
on complex B at zero and applied potential; The NRR through enzymatic pathway on complexes C at
zero and applied potential; The computed Bader charge (q) on Mo and N atoms in complexes A, B,
and C along with the Ep of Mo atom into the surface; The computed Bader charge (q) on Mo atom and
adsorbed *N> species on complexes A, B, and C along with the corresponding adsorption energies
(AEags ) and Mo-N bond length.
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