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Abstract: Electrocatalysis synthesis of ammonia (NH3) under ambient temperature is an attractive 

and challenging subject in chemical industry. The synthesis of NH3 at ambient conditions requires 

efficient and stable eletrocatalysts with ultralow overpotential to ensure the low energy 

consumption and high yield of NH3. Herein, the single transition metals (TM) atom (TM=Mo, Mn, 

Fe, Co, Ni, or Cu) anchored on 2D M2NO2 MXenes (M=Ti, V, and Cr), labeled as TM/M2NO2 are 

designed as electrocatalysts for N2 reduction reaction (NRR) by density functional theory 

calculations. Results show that the bonding strength between Mo and Ti2NO2 is strong. The 

overpotential (ƞNRR) of Mo/Ti2NO2 surface catalyzed NRR is estimated as low as 0.16 V via 

enzymatic mechanism, which is lower than that of up-to-date works. For Mo/V2NO2 and 

Mo/Cr2NO2 catalysts, the NRR belongs to the consecutive mechanism and enzymatic mechanism, 

with the corresponding ƞNRR of 0.38V and 0.22 V, respectively. In addition, the reaction Gibbs 

free energy of NH3 desorption from Mo/Ti2NO2 surface is only 0.12 eV. Electronic structure 

analysis indicates that Mo/Ti2NO2 shows metallic characteristics, which ensures the efficiently 

transferring of electrons between Mo and Ti2NO2. Ab initio molecular dynamics simulations 

indicated that Mo atom can be stably immobilized on Ti2NO2 substrate to prevent its aggregation 

into Mo clusters. Further analysis illustrates that hydrogen adsorption is not favor on Mo/Ti2NO2 

surface. It should be avoided mixing with the extra gases such as NO2, NO, SO2, SO, and O2 in N2 

source for NRR on Mo/Ti2NO2 surface. These predictions offer a new opportunity for 

electrocatalysis synthesizing of NH3 by N2 reduction in the future. 
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Introduction

NH3 is an important carbon-free energy carrier due to it large hydrogen capacity and higher 

energy density.1-4 It has been widely applied in various fields, such as fertilizers, resins, textile and 

dyes.5-8 To date, the large-scale production of NH3 mainly rely on Haber-Bosch process. However, 

the high reaction temperature (300~550 ℃) and pressure (100~300 atm) make this process 

requiring heavy energy consumption.9-10 Recent years, encouraging by the biological N2 fixation 

(N2+6H++6e-=2NH3) via nitrogenase under ambient conditions through multiple proton and 

electron transfer steps, electrochemical N2 reduction reaction (NRR) method has appeared, which 

just requires atmospheric pressure and room temperature for NRR.11-13 NRR through 

electrochemical makes energy consumption very low and the yield of NH3 can be high by utilizing 

the N2 in air as nitrogen source and controlling the applied voltage and the reaction conditions.14-17 

Till now, there are remain lots of challenges for electrochemical process of NRR due to the lack of 

efficient NRR electrocatalysts. Therefore, searching for high NRR electrocatalysts is important for 

electrochemical NRR industry.15,18-23 Transition metal-based eletrocatalysts, including pure 

metals,24-26 metal oxides,27-28 polymers,29 play an important role in eletrocatalysis and have been 

reported both experimentally and theoretically for electrochemical NRR. Recent years, the single 

atom catalysts (SACs) with efficient substrates have draw much attention where the single atom 

was served as active center and the substrate served as the electrical conductor.30-32 Noble metal-

based materials are efficient electrocatalysts for NRR, but the high price and the scarcity limit 

their large-scale applications in ammonia industry. It is desirable to find alternatives to noble 

metal-based materials for NRR. For example, Ling and coauthors found that single Mo atom 

supported on the graphitic-carbon nitride possesses highly activity for NRR (with the 

overpotential of 0.20 V ),33 Ji et al. reported that the overpotential of boron-interstitial (Bint)-doped 

C2N for NRR is as low as 0.15 V. 34 

For SACs, the substrate is one of key factors for NRR performance.35,36 Ideal substrate should 

be able fix single atom, possess superior stability and excellent conductivity. 2D MXenes, with a 

general formula of Mn+1XnTx, where M stands for early transition metal, X stands for C or N, Tx is 

the surface functional groups, O*, OH* or F*, and n=1 to 3,37-42 could be as potential as substrates 

in electro-chemistry due to their superior chemical stability.43,44 For example, Pandey et al. have 

successfully synthesized Ag anchor on Ti3C2Tx and found that the binding strength between Ag 

atom and Ti3C2Tx MXene is strong.45 Besides, Pt46 and Pd47 anchored on MXenes have been 

investigated in electrocatalysis. Transition metals (TMs), such as Mo is an important element in 

N2 fixation at ambient conditions in biological systems.48,49 Mo based electrocatalysts have 

exhibited excellent performances for NRR.33,50-54 Gao et al. investigated TM (TM=Sc, Ti, Fe, Co 



or Ni) anchored on Ti3C2O2 MXenes as single metal electrocatalyst for NRR and revealed that 

different TM atoms delivered different overpotentials, ranging from 0.68 to 2.33 V.51 

These literatures show that TM (including Mo) dispersed on MXenes surface possesses 

excellent NRR performances. However there are still lacks of reports about the TM (especially 

Mo) dispersed on M2NO2 MXenes for NRR. Therefore, in this work, we investigated catalytic 

performances of single TM (TM=Mo, Mn, Fe, Co, Ni or Cu) atom anchored on the 2D M2NO2 

(M=Ti, V or Cr) as electrocatalysts for NRR based on the density functional theory calculations 

(DFT). Mo/Ti2NO2 standing out among studied TM/Ti2NO2 due to the strong binding strength 

between Mo and adsorbed N2 (-1.05 eV) by side-on adsorption. Furthermore, Mo/Ti2NO2 exhibits 

an ultrahigh catalytic activity with low overpotential of NRR (ƞNRR) of 0.16 V via enzymatic 

mechanism, indicating that NRR can efficiently proceed on the Mo/Ti2NO2 surface. Moreover, the 

reaction Gibbs free energy of NH3 desorption from Mo/Ti2NO2 surface is 0.12 eV, ensuring the 

rapid removal of NH3 from the catalyst surface. In addition, the metallic characteristics of 

Mo/Ti2NO2 guarantee the efficiency of transferring of electrons between Mo and Ti2NO2. Ab 

initio molecular dynamics simulations (AIMD) suggested that Mo atom can be stably anchored on 

Ti2NO2 substrate to prevent its aggregation into Mo clusters. Furthermore, hydrogen adsorption is 

not favor on Mo/Ti2NO2 surface. In addition, it should be avoided mixing with the extra gases 

such as NO2, NO, SO2, SO, and O2 in N2 source for NRR on Mo/Ti2NO2 surface. In a word, this 

work provides an opportunity for electrocatalysis synthesizing NH3 through N2 reduction in the 

future. 

Computational details

All calculations were performed by using Vienna ab initio simulation package (VASP)55,56 

based on DFT. The generalized-gradient approximation potential57 in the Perdew-Burke-

Ernzerhof58 was used. The projector-augmented wave59 method was applied to describe the 

pseudopotentials. The electronic configurations of Mn, Fe, Co, Ni, Cu, Mo, Ti, V, Cr, O, N, F and 

H are [Ar]3p63d54s2, [Ar] 3d64s2, [Ar]3d74s2, [Ar]3d84s2, [Ar]3d104s1, [Kr]5p54d54s2, [Ar]3d34s1, 

[Ar]3p63d44s1, [Ar]3p63d54s1, 2s22p4 , 2s22p3, 2s22p5, and 1s2, respectively. In all calculations, the 

van der Waals interaction was considered by using the empirical correction in Grimme’s scheme, 

that is, DFT+D3.60 The energy cutoff is set to 500 eV for all calculation cases, and gamma-

centered k mesh is 9×9×2 for the unit cell of M2N and M2NTx (M=Ti, V, Cr), and is set as 4×4×1 

for N2 adsorption and intermediate configurations. The convergence tolerance for the residual 

force on each atom during structural relaxation was set to 0.01 eV/Å and the energy difference 

between two consecutive self-consistent calculations is less than 10-4  eV, respectively. The 



vacuum space in the z-direction (perpendicular to the surface) was larger than 20 Å to avoid the 

interaction for the periodic condition. The calculations of Gibbs free energy of each elemental step 

( ) of NRR are adopted following the works of Nørskov et al.61, 62 For each elemental step,  ∆G ∆G

is computed by eq (1):

                    (1)∆G = ∆EDFT + ∆EZPE ‒ TΔS + eU + ∆GpH

where  is the adsorption energy of a specific step.  and  are the difference of zero ∆EDFT ∆EZPE ΔS

point energies and the difference of entropy between the adsorbed state and the free-standing state, 

respectively, which are referred to the latest works about NRR.50,51 The calculated values of zero 

point energy and the entropy are derived from the previous work.50 T was set as room temperature, 

298K in this work. eU is the contribution from the electrode potential.  is the contribution of ∆GpH

pH, which is defined as . The adsorption energy ( ) of ∆GpH =- kBTln[H + ] = pH × kBln10 ∆EDFT

different intermediates is calculated by

                        (2)∆EDFT = Etotal ‒ (Ecatal + Eadsorp)

where  and  are the total energies of the slab with and without intermediates.  is the Etotal Ecatal Eadsorp

total energy of an isolate intermediate, such as N2 and *NH. The ƞNRR is determined by the 

potential limiting steps (PLS), corresponding to the most positive reaction Gibbs free energy 

(∆Gmax) defined as eq (3)

                                 (3)ηNRR = Uequ ‒ Ulim

where  is the equilibrium potential of NRR (~-0.16 V), and  is the limiting potential, Uequ Ulim

which is evaluated as =-∆Gmax/e.50 The pH is set to 0 and only the electrode potential effect is Ulim

taken into account in the NRR process. 

The binding energy between surface terminal and M2NTx is defined as eq (4)

Eb={E(M2NTx) E(M2N) E(Tx)}/2                  (4) ‒  ‒

where E(M2CTx), E(M2N), and E(Tx) are the total energies of MXenes with and without Tx, and 

the isolated Tx, respectively.63

The binding energy of TM with M2NO2 is defined as eq (5)

Eb=E(TM/M2NO2) E(M2NO2) E(TM)                 (5) ‒  ‒

where E(TM/M2NO2), E(M2NO2), and E(TM) are the total energies of M2NO2 MXenes with and 

without TM, and the isolated TM, respectively.64

Results and discussion

Basic properties of M2N MXenes and surface terminal M2NTx

It is necessary to study the basic properties of M2N MXenes and surface terminal M2NTx before 

investigating the NRR performances of TM/M2NO2. Although the family of M2N MXenes is large, 



to date, only small part of M2N MXenes have been successfully synthesized by etching MAN 

phases, for example, Ti2N and Ti4N3.41 Besides, the V2N and Cr2N have been predicted 

synthesizing from V2GaN and Cr2GaN phases, respectively.41 Therefore, in this work the M2N and 

M2NTx MXenes (M=Ti, V, and Cr, Tx=O, F or OH) are selected to study their NRR performances. 

The calculated lattice parameters of M2N, M2NO2, M2NF2 and M2N(OH)2 (M= Ti, V and Cr) are 

listed in Table S1. One can see that the values of parameter of a in M2N are smaller than that of 

the corresponding M2NTx. Whereas, the values of parameter of c in M2N are larger than that of the 

corresponding M2NTx. The c/a is smaller with the presence of surface Tx. The calculated total 

energies of M2NO2, M2NF2 and M2N(OH)2 and the binding energies Eb (via eq(4)) of Tx with M2N 

MXenes with three different terminal styles are shown in Tables S2 and S3. It shows that M2NO2 

has the lowest binding energy for all M=Ti, V and Cr. The adsorption of N* site with lowest free 

energy is the fcc site.

NRR performances of TM/Ti2NO2

Anchoring TM is an effective way to modulate the catalytic performances of MXenes.65,66 There 

are three possible sites for TM to locate on the surface of M2NO2 (Figure S1): TM locates on the 

tops of N atom (H1 site), Ti atom (H2 site), O atom (T1 site). The most stable site for TM to 

occupy is the H1 site with the lowest relative energies as shown in Figure 2b and Table S4. 

Therefore, the TM/M2NO2 model, is built as O* locates in the fcc site of M2N surface, and the 

anchored TM atom occupies at the H1 site of M2NO2 surface. The corresponding calculated 

binding energies (via eq (5)) are presented in Table S5. It shows that Mo/Ti2NO2 has the lowest 

binding energy (-1.71 eV) among the studied TM/M2NO2. 

Based on above results, the catalytic activity of TM/Ti2NO2 for NRR is investigated. For NRR, 

there are two configurations, the side-on and end-on configurations. For each configuration, 

alternating and distal mechanisms for the end-on configuration, and enzymatic and consecutive 

mechanisms for the side-on configuration, respectively, are taken into account as shown in Figure 

1. For distal and consecutive mechanisms, the proton-electron pairs (H++e-) first attack one of N 

atom to form a NH3 and then attack another N atom to form second NH3 (Figures 1b and 1d). 

While for alternating and enzymatic mechanisms, the H++e- attack two adsorbed N atoms and 

form NH3 successively (Figures 1a and 1c).29,43,44 More reaction details of the four mechanisms 

are provided in equations S1 to S21 (Supplementary Information). The intermediate structures of 

NRR on TM/Ti2NO2 via the end-on and side on configurations are shown in Figures S2 and S3.



Figure 1. Schematic of (a) alternating, (b) distal, (c) enzymatic, and (d) consecutive mechanisms 
for N2 reduction to NH3 on Mo/Ti2NO2  surface. The * represent active sites for NRR.

Now, the NRR performances of Ti2NO2 and TM/Ti2NO2 are investigated. The reaction Gibbs free 

energy ( ) of each step through alternating, distal, enzymatic and consecutive mechanisms of ∆G

TM/M2NO2 systems are presented in Tables S6 and S7. The calculated ηNRR of Ti2NO2 with and 

without TM anchored are displayed in Table S8 and Figure 2c. The  diagrams for NRR on ∆G

Ti2NO2 surface are shown in Figure S4. Results indicated that the minimum applied voltage is -

2.60 V for NRR on pure Ti2NO2 via distal mechanism, with the corresponding ηNRR of 2.44 V. 

This ultrahigh value suggests that pure Ti2NO2 surface is not favor for NRR (as shown in Figure 

2a). It also shows that all of NRR on TM/Ti2NO2 surface obey the enzymatic mechanism except 

Cu/Ti2NO2 system (which follows the alternating mechanism), and the ηNRR of TM/Ti2NO2 are 

lower than that of the pure Ti2NO2. It indicates that TM/Ti2NO2 promotes the NRR comparing to 

the pure Ti2NO2. More surprisingly, the superior low ηNRR (0.16 V) of Mo/Ti2NO2 is obtained, 

which is the lowest value among studied TM/Ti2NO2 systems.



Figure 2. (a) Schematic of NRR on Ti2NO2 and TM/Ti2NO2 surface, (b) relative energies of 
TM/M2NO2 at H1, H2 and T1 sites, (c) ηNRR of the pure Ti2NO2 and TM/Ti2NO2 surface, (d) ηNRR 
against the electrons of adsorbed N2 received, (e) ηNRR against the electrons of TM losing, and (f) 
densities of states of d orbitlal of TM (TM=Mo, Mn, and Fe).

The electrons of adsorbed N2 received and TM losing (based on Bader charge analysis67) are 

collected and presented in Table S8. The results of ηNRR against the electrons of adsorbed N2 

received and TM losing are shown in Figures 2d and 2e. For the pure Ti2NO2 system, only 0.03 e 

electrons are transferred from the adsorbed N2 to O*, indicating that the weak bonding strength of 

the O* with adsorbed N2 and thus leads to high ηNRR of Ti2NO2 surface. The electrons transferred 

from TM to adsorbed N2 increasing after TM anchored on Ti2NO2 surface and the electrons of 

adsorbed N2 received are varied from 0.52 to 0.19 e in the order of Mo to Cu (Figure 2d and Table 

S8), while the electrons of TM losing are ranged from 1.58 to 0.87 e (Figure 2e), with the 



corresponding values of ηNRR from 0.16 to 1.42 V. A linear relationship between ηNRR and the 

electrons of adsorbed N2 received is observed with the correlation coefficient R2 of 0.81, 

indicating that the NRR activity of TM/Ti2NO2 gradually deceases from Mo to Cu. The more 

electrons of TM atom losing, the higher NRR performances of TM/Ti2NO2 can be achieved 

(Figure 2e). It needs at least 6 electrons to fully drive NRR, thus more electrons of TM losing and 

adsorbed N2 receiving will be more favorable to NRR. Therefore, the best NRR performances of 

Mo/Ti2NO2 among studied TM/Ti2NO2 ascribes to the largest electrons of Mo losing after 

anchored on Ti2NO2 surface. The calculated densities of states (DOSs) of d orbital of TM 

(TM=Mo, Mn and Fe) suggest that the d orbital level shifts transfer to lower energy from Mo to 

Fe (Figure 2f). The difference of d orbital occupation leads to the difference of bonding strength 

of TM with adsorbed N2, and therefore causing to the various performances of NRR of 

TM/Ti2NO2.

NRR performances of Mo/M2NO2

Next, the NRR performances of Mo/M2NO2 are further evaluated. The inert N≡N triple bond 

is the prerequisite for an efficient NRR process.68 Therefore the adsorption properties of N2 on 

Mo/M2NO2 (M=Cr, V, and Ti) are first investigated. In the side-on configuration, both two N 

atoms bonding with Mo atom (Figure 3b), while only one of N atom interacts with Mo atom in the 

end-on configuration (Figure 3a). The calculated adsorption energies of N2 adsorption through 

side-on and end-on configurations are listed in Table S9 with values of -1.05 and -0.94 eV, 

respectively, which are lower than those corresponding values in Mo/V2NO2 (-0.28 and -0.36 eV) 

and Mo/Cr2NO2 (-0.52 and -0.37 eV). The N≡N bond length is elongated to 1.195 (Figure 3b) and 

1.140 Å (Figure 3a) compared to that of isolated N2 molecule (1.113 Å) for side-on and end-on 

configurations of Mo/Ti2NO2, respectively. These results suggest that the N≡N triple bond can be 

activated once the N2 adsorbs on the surface of Mo/M2NO2. 



Figure 3. Adsorption of N2 molecule on Mo/Ti2NO2 surface, (a) and (c) the side and top views via 
end-on configuration, (b) and (d) the side and top views via side-on configuration (N−N bond 
lengths of adsorbed N2 and charge transfer from Mo to N2 are also presented), (e) densities of 
states of Mo/M2NO2 (M=Ti, V, and Cr), reaction Gibbs free energy diagrams of NRR on 
Mo/Ti2NO2 through (f) alternating, (g) distal, (h) enzymatic, and (i) consecutive mechanisms 
under different applied potentials.

The calculated (∆G) diagrams for NRR through alternating, distal, enzymatic and consecutive 

mechanisms of Mo/Ti2NO2 are presented in Figures 3f to 3i. The first two steps, N2 adsorption and 

reduction into *N2H along the alternating and distal mechanisms are the same. The first two steps, 

N2 adsorption and reduction into *NH-*N along enzymatic and consecutive mechanisms are also 

the same. It shows that ∆G of the first step of N2 adsorption via end-on configuration is -0.32 eV 

for alternating and distal mechanisms (Figures 3f and 3g), suggesting that the N2 molecule can be 

stably anchored on the Mo/Ti2NO2 surface. The second step of the generation of *NNH species is 



endothermic with ∆G=0.58 eV. The PLS of the alternating and distal mechanisms are the *NH-

NH2 to *NH2-NH2 and the hydrogenation of *N2 to *NNH with ∆G of 0.72 eV (Figure 3f) and 

0.58 eV (Figure 3g), respectively. The ηNRR of the end-on configuration are 0.56 V (for alternating 

mechanism) and 0.42 V (for distal mechanism), these high ηNRR indicate that end-on configuration 

of Mo/Ti2NO2 is inefficient for NRR. The ∆G for N2 adsorption via side-on configuration (for 

enzymatic and consecutive mechanisms) is -0.28 eV (Figures 3h and 3i). The ∆G value for the 

second step to generate *NH-*N via side-on pathway is 0.32 eV, which lower than the value (0.58 

eV) via end-on pathway. This result reveals that the first hydrogenation step is easier via side-on 

pathway than that via the end-on pathway. The PLS of the enzymatic and consecutive mechanisms 

are the hydrogenation of *N-*N to *NH-*N and hydrogenation of *NH2 to *NH3, with 

corresponding ∆G values of 0.32 eV (Figure 3h) and 0.33 eV (Figure 3i), respectively. The ηNRR 

through enzymatic and consecutive mechanisms are 0.16 and 0.17 V, respectively. These ultra-

low ηNRR are much lower that the best NRR catalysts,33,50 indicating that the side-on configuration 

of Mo/Ti2NO2 possesses high catalytic activity for NRR. We also calculated the NRR 

performances of Mo/Ti2NO2 under 3×3 supercells, and results are given in Figure S5. It shows 

that the both of 3×3 and 2×2 supercells deliver equal overpotential, indicating that the results 

based on from 2×2 supercells are reliable. The calculated band structures, density of states (DOSs), 

and partial densities of states (pDOSs) of Mo/Ti2NO2 are shown in Figures 3e, S6 and S7. Result 

indicates that Mo/Ti2NO2 show metallic characteristics (Figure 3e), which will ensure efficient 

transfer of electrons during the NRR process. Furthermore, the DOSs near Fermi level are mainly 

derived from Mo s, d orbitals and O p orbital (Figure S7). Its indicates that the Mo promotes the 

transfer ability of electrons and therefore improves the NRR activity of Mo/Ti2NO2. The DOSs 

and pDOSs of Ti2N and Ti2NO2 are shown in Figure S8. It shows that Ti2N and Ti2NO2 are show 

metallic characteristics. The DOSs of Ti2N near Fermi level are contributed from Ti s, p, and d 

orbitals. The hybridization of DOSs of Mo d orbital with N 2p orbital are further studied and 

shown in Figure 4. One can see that the occupation of N π*, σ and π orbitals shift to lower energy 

level. Moreover, the energy levels of Mo d orbital and N π* and σ orbitals of two N2 adsorptions 

styles are matched leading to partial occupation of the d-π* and d-σ. Consequently, the 

hybridization of Mo d with π* and σ orbitals results in a splitting of N2 π*: part of the π* shiting 

up on the Fermi level, and the other part moving down the Fermi level. The occupation of N2 π* 

lowering the bond energy of N≡N triple bond, resulting the elongation of N≡N bond lengths, from 

1.113 to 1.195 Å for side-on adsorption and 1.113 to 1.140 Å for end-on adsorption, with the 

corresponding electron gains of N atom (N2) are 0.34 and 0.52 e, respectively. Definitety, the 

changes of N≡N bond lengths enhances the adsorption ability of N2 on the Mo/Ti2NO2 surface. 



Charge density difference of Mo/Ti2NO2 with adsorption of N2 is shown in Figures 4c and d. It 

can be observed that the charge transfer occurred between Mo atom and adsorbed N2 in both the 

side-on (Figure 4c) and end-on (Figure 4d) configurations. As it is well known, the amount of the 

charge transfer from one species to another relies on the relative ability of electron accepting and 

donating. For N2 adsorption on Mo/Ti2NO2 surface, the Mo atom will donate abundant electrons 

to N2 anti-bonding orbital, and then promotes the N2 reduction. 

Figure 4. Projected densities of states (pDOSs) and schematic illustrations of 3d orbital of Mo in 

Ti2NO2, 2p-orbital of N2 gas molecule, and the interaction between N2 and Mo after N2 adsorbed 

on Mo/Ti2NO2 surface via (a) side-on and (b) end-on configurations. Charge density difference of 

Mo/Ti2NO2 with the adsorption of N2 via (c) end-on, and (d) side-on configurations, the positive 

and negative charges are shown in yellow and cyan, respectively.

For a specific NRR catalyst, the NRR performance depends not only on the ability of NRR 

process, but also on desorption of NH3 from the surface of catalyst. It can be seen that ∆G for NH3 

desorption are 0.12 eV for end-on and side-on configurations (Figures 3f to 3i). Moreover, 

comparing with the latest NRR catalysts, Mo supported on BN14 and V3C2,69 the ∆G of NH3 

desorption are 0.92 and 0.70 eV, respectively, thus the desorption of NH3 from Mo/Ti2NO2 



surface are rapidly. The easy adsorption of N2 and the rapidly desorption of NH3 on Mo/Ti2NO2 

surface confirm that the Mo/Ti2NO2 possesses the excellent NRR performances. The calculated 

∆G diagrams for NRR of Mo/V2NO2 and Mo/Cr2NO2 are shown in Figures S9 and S10, 

respectively. It shows that Mo/V2NO2 and Mo/Cr2NO2 proceeding NRR via the enzymatic and 

consecutive mechanisms, respectively. The first step of N2 molecule adsorption is exothermic, 

with ∆G of -0.19 for Mo/V2NO2 and -0.11 eV for Mo/Cr2NO2, respectively, while the second step 

(protonation) is endothermic with ∆G of 0.54 and 0.16 eV. The PLSs for Mo/V2NO2 and 

Mo/Cr2NO2 are the hydrogenation of *N-*N to *NH-*N and *NH2-*NH to *NH2-*NH2, 

respectively, with the corresponding ∆Gmax of -0.54 (Figure S9) and -0.38 eV (Figure S10), 

respectively. Although the calculated DOSs indicate that Mo/V2NO2 and Mo/Cr2NO2 show 

meallic characteristics (Figure 3e), the ηNRR for Mo/V2NO2 and Mo/Cr2NO2 are 0.38 V and 0.22 V, 

respectively, which are higher than that of Mo/Ti2NO2. The DOSs of M2NO2 MXenes are 

provided with considering spin-polarization (Figure S11). Similar results, metallic characteristics 

of M2NO2, could be observed. AIMD simulations were performed to simulate the stability of 

Mo/Ti2CO2, and results are given in Figure S12. It shows that the structure of Mo/Ti2CO2 can be 

stable under the NRR temperature (300K). There is another possibility that the Mo atoms will 

form Mo clusters (Mo2 and Mo9) after they are dispersed and anchored on the surface of Ti2NO2 

due to the interaction between Mo atoms. AIMD simulations were performed to simulate the 

stability of Mo2 and Mo9 clusters on Ti2NO2 surface, and results are shown in Figure S13. The 

clusters of Mo2 and Mo9 are interrupted (Figures S13b, c, i, and j) when running for 1 ps. Mo 

tends to disperse into single isolated Mo atoms and anchored on the Ti2NO2 surface (bonding with 

O atoms) after 3ps simulation. These results illustrated that single Mo atom anchored on the 

Ti2NO2 cannot aggregate into clusters even if the temperature up to 500K. We also have studied 

the cohesive energy (via the definition of Ecoh = (EM(bulk)-nETM)/n) and energy difference (ΔEb) 

(via the definition of ΔEb =Eb-Ecoh) between Eb and Ecoh.70 Results shows that ΔEb of Mo/Ti2NO2 

is -0.41 eV, indicating that the single Mo atom can be stably anchored on Ti2NO2 substrate.



Figure 5. Valence charges of intermediates during NRR on Mo/Ti2NO2 surface via (a) end-on and 
(b) side-on adsorption styles, the N−N bonds length of intermediates during NRR via (c) end-on 
and (d) side-on adsorptions, where the bond length increases linearly before N2 was broken, (e) 
reaction Gibbs free energies of hydrogen (H+) and N2 adsorption, and (f) the adsorption energies 
of potential extra gas on Mo/Ti2NO2 surface.

The quantitative charge transfers of intermediates based on Bader charge analysis are shown 

in Figures 5a and b and Table S10. For an isolated N2 molecule, the two N atoms gain or lose 

0.091e, respectively. The N2 gains 0.34e and 0.52e when adsorbed on Mo/Ti2NO2 surface via the 

end-on and side-on configurations, respectively. The more thoroughly is the NRR on catalyst 

surface, the higher valence charges of N in *N2Hy. For example, the valence charges of two N 

atoms are 1.25 and 0.44 e in *N-*NH species, respectively, while these values are 2.38 and 2.41 e 

in *NH2-*NH2 species. The bond lengths present a linearly increasing from N2 molecule to *NH2-



NH2 (Figure 5c) and *NH-*NH2 (Figure 5d), indicating that the gradual stretching with 

hydrogenation. Moreover, the valence charges of N approach to 3e when hydrogenation to *NH2-

*NH3 (*NH2-NH3), and the corresponding N-N bond lengths are approximately to 3.0Å, 

indicating that the NH3 will form and release from Mo/Ti2NO2 surface. The results of valence 

charges and N−N bond lengths of intermediates of NRR on Mo/V2NO2 and Mo/Cr2NO2 surfaces 

are shown in Figures S14 and S15. Results show that they have similar charge transfer trends with 

that of Mo/Ti2NO2. However, the higher ηNRR restricts the NRR performances of Mo/V2NO2 and 

Mo/Cr2NO2. Therefore, Mo/Ti2NO2 is the best efficient catalyst for electrochemical NRR among 

studied TM/M2CO2. One should note that the energies of the final state in Figures 3, S4, S5, S9 

and S10 are different. The reason caused such results is that the energy of the initial state (+N2) is 

catalyst dependent, but was set to be zero as a reference for all reactions for comparison.

Potential side reactions on Mo/Ti2NO2 surface 

Theoretically, the active sites of Mo/Ti2NO2 can be occupied immediately by N2 to form *N2 once 

NH3 desorbing from Mo/Ti2NO2 surface. However, if there are sufficient protons (H+) in the 

vicinity of the active sites of Mo/Ti2NO2, the H+ will be adsorbed on the surface and the hydrogen 

evolution reaction (HER) will be occurred, which will poison the active sites of Mo/Ti2NO2 

surface and lower the efficiency of NRR.71, 72 On the other hand, the catalyst can also be poisoned 

if extra gases mixed in the N2 source (such as CO2, and O2) and adsorbed on the active sites of 

catalyst. Therefore, it is necessary to study the adsorption properties of hydrogen and other gases 

on the Mo/Ti2NO2 surface to evaluate its resistance ability to be poisoned. There are two different 

sites for H adsorption, T1 and T2 sites, as schematically are shown in Figure S16. The Gibbs free 

energy of hydrogen adsorption (∆GH*) on Mo/Ti2NO2 are shown in Figure 5e. It shows that ∆GH* 

are 0.94 and 0.18 eV, respectively, for T1 and T2 sites with the corresponding overpotentials of 

0.94 and 0.18 V, which are larger than that of NRR (0.16 and 0.17 V for end-on and side-on 

adsorptions, respectively). This result suggests that Mo/Ti2NO2 substrate is not in favor for the 

hydrogen adsorption. For multi-atom molecules (NO, NO2, SO2, SO, CO, and NO2), there are 

three potential adsorption ways labeled as E1, E2 and S1 (Figure S17), respectively. There are two 

adsorption styles of O2, labeled as E2 and S1, respectively. The adsorption energies of gas 

molecules (including NO, NO2, SO2, SO, CO, NO2, and O2) on Mo/Ti2NO2 surface is evaluated 

via eq (2) and results are shown in Figure 5f. The adsorption energies of CO2 with three 

adsorptions and CO with E2 and S1 sites are larger (higher than -1.05 eV) than that of N2 

adsorption, while the corresponding values of other gases (NO2, NO, SO2, SO, and O2) are lower 

than that of N2 adsorption. These results indicate that the bonding strength between the adsorbed 



gas molecules (NO2, NO, SO2, SO, and O2) and Mo/Ti2NO2 surface are stronger than that between 

N2 and Mo/Ti2NO2 surface except CO2 and CO at E2 and S1 sites. The stronger bonding strength 

of these gas molecules could erode the active sites of Mo/Ti2NO2, leading to the poison of 

Mo/Ti2NO2 surface for NRR. Thus, it should be avoided mixing of the gas molecules such as NO2, 

NO, SO2, SO, and O2 in N2 source for NRR on Mo/Ti2NO2 surface according to this studied 

results.

Conclusions

In summary, we performed density functional theory calculations to predict the catalytic 

performances of single TM atom anchored on the 2D M2NO2 surface for electrochemical N2 

reduction into NH3. Results show that the bonding strength between Mo atom and M2NO2 is 

strong. The adsorption energy of N2 on Mo/Ti2NO2 is -1.05 eV via the side-on configuration. 

Mo/Ti2NO2 exhibits an excellent performance via enzymatic mechanism with overpotential of 

only 0.16 V among studied TM/M2NO2. In addition, Gibbs reaction free energy of the NH3 

desorption from Mo/Ti2NO2 is ∆G=0.12 eV, implying that NH3 can be easily released. Moreover, 

the metallic characteristics of Mo/Ti2NO2 will ensure the efficiency of electrons transferring 

between Mo and Ti2NO2 as well. AIMD results indicate that Mo atom can be stably anchored on 

Ti2NO2 substrate to prevent its aggregation into Mo clusters. Further analysis shows that hydrogen 

adsorption is not in favor on the Mo/Ti2NO2 surface, and it should be avoided mixing the gases 

such as NO2, NO, SO2, SO, and O2 in N2 source for NRR. The low overpotential for NRR, rapid 

desorption of NH3, and excellent electrical conductivity can ensure Mo/Ti2NO2 as an efficient 

catalyst for electrochemical NRR.
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Table of content
Mo anchored on Ti2NO2 (Mo/Ti2NO2) surface possesses superior NRR performances, with the 
overpopential ηNRR of 0.16 V via enzymatic mechanism.


