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Abstract 

 Exploring electrocatalyst with high activity, selectivity and stability is essential for 

development of applicable electrocatalytic ammonia synthesis technology. By 

performing density functional theory calculations, we systematically investigated a 

series of transition-metal doped Au-based single atom alloys (SAAs) as promising 

electrocatalysts for nitrogen reduction reaction (NRR). For Au-based electrocatalyst, 

the first hydrogenation step (*N2→*NNH) normally determines the limiting potential 

of the overall reaction process. Compared with pristine Au(111) surface, introducing 

single atom can significantly enhance the binding strength of N2, leading to decreased 

energy barrier of the key step, i.e., ΔG(*N2→*NNH). According to simulation results, 

three descriptors were proposed to describe ΔG(*N2→*NNH), including ΔG(*NNH), 

d-band center, and 
d

√Em
. Eight doped elements (Ti, V, Nb, Ru, Ta, Os, W, and Mo) were 

initially screened out with limiting potential ranging from -0.75V to -0.30 V. 

Particularly, Mo- and W-doped systems possess the best activity with limiting potentials 
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of -0.30 V, respectively. Then the intrinsic relationship between structure and the 

potential performance was further analyzed by using machine-learning. The selectivity, 

feasibility, stability of these candidates were also evaluated, confirming that SAA 

containing Mo, Ru ,Ta, and W could be outstanding NRR electrocatalysts. This work 

not only broadens the understating of SAA application in electrocatalysis, but also 

devotes to the discovery of novel NRR electrocatalysts. 

KEYWORDS: Single-atom alloy, Nitrogen reduction reaction, Electrocatalysis, 

High-throughput calculations, Machine-learning 

 

 

1. Introduction 

Ammonia (NH3) is one of the world’s most synthesized chemicals, which is the 

key building block for fertilizer currently and an ideal carrier for renewable energy in 

future.1 2,3 To date, synthesis of ammonia highly relies on the Haber-Bosch process that 

occurs at high temperatures and high pressures in the presence of iron-based catalysts.4,5 

Electrochemical nitrogen reduction reaction (NRR) at ambient conditions is an 

attractive alternative to the Haber-Bosch process. Developing active, selective, and 

stable electrocatalysts is still challenged.6 The competition to hydrogenation evolution 

reaction (HER) significantly limits the efficiency of NRR process. Because of the 

inertness to HER and high stability, several noble metals have been reported as 

promising electrocatalysts, such as Au, Pt, and Ru.7–10 Among them, Au exhibits the 

most efficient performance owing to the low activity of competitive HER.11,12 Previous 

studies demonstrated that the lack of empty d-orbits to accept lone-pair electrons from 

N2 may result in extremely weak adsorption to N2, and herein difficulty in breaking 

triple N-N bond.13,14 The potential determining step (PDS) is normally the first 

hydrogenation step from *N2 to *NNH with potential barrier over 2.0 eV.15,16 Can we 

improve the activity of Au-based materials through a simple strategy? 

Since single-atom catalyst (SAC) was first proposed by Zhang et al,17 SACs have 

been emerging in various reactions, such as traditional catalysis, photocatalysis, and 
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electrocatalysis.18–20 SACs can be constructed based on a variety of substrates, such as 

transition metal oxides21–26 carbon-based materials,27,28 transition metal chalcogenide29–

31, and MXenes.32,33 Particularly, when the substrate is metal, the SAC is also called as 

single-atom alloy (SAA).34 Numerous SAA catalytic systems have been reported for 

their well-defined active site and excellent catalytic performance.34–36 For example, 

CuPd SAA shows high selective for the photocatalytic conversion of CO2 to CH4. The 

d-band center of isolated Cu was raised in Pd substrate, leading to enhanced binding 

with key intermediate.37 On the other hand, PdCu SAA enhances the selectivity toward 

alcohols for electrochemical CO2 reduction, compared to common Cu-based 

catalysts.38 Hydrogen oxidation reaction (HOR) activity can be regulated by isolating 

single Ni atom into Ru nanosheet.39 Inspired by these works, we proposed a single-

atom alloying strategy to improve the performance of Au-based materials for NNR. 

To validate our hypothesis, the NRR performance of a series of M/Au(111) systems 

(M=3d, 4d, and 5d transition metals) were investigated by using density functional 

theory (DFT) calculation. Au(111) is the most stable facet that has been widely 

studied.40–42 Our theoretical results indicate that many SAAs can enhance the binding 

strength of N2 and reduce the potential barrier of the first hydrogenation step 

(ΔG(*N2→*NNH)). Three descriptors were established to describe ΔG(*N2→*NNH), 

i.e., ΔG(*NNH), d-band center of the doped metal, and 
d

√Em
  (d is the number of d 

electron in valence orbital of doped metal; Em is the electronegativity of doped metal). 

ΔG(*NNH) exhibits a linear relationship with ΔG(*N2→*NNH), while the d-band 

center and 
d

√Em
  show a volcano relationship. Moreover, combining with machine-

learning, we unveiled the intrinsic correlations between structure and ΔG(*N2→*NNH). 

Through the computation of whole reaction paths, eight M/Au(111) systems (M=Ti, V, 

Nb, Mo, Ru, Ta, W, and Os) were suggested to possess high activity with limiting 

potential ranging from -0.75 V to -0.30 V. According to 
d

√Em
, we further predicted Mo- 

and W/Ag(111) SAAs could be highly active. After considering selectivity, feasibility, 

electrochemical and thermal stability, four M/Au(111) candidates (M=Mo, W, Ru, and 
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Ta) were finally screened out as excellent catalysts for NNR.  

 

2. Computational Details 

Spin-polarized DFT computations were employed by using Vienna Ab initio 

Simulation Package (VASP).43 The Perdew-Burke-Erzenhof (PBE) functional in the 

generalized gradient approximation (GGA) was applied to describe the exchange-

correlation energy.44 The ion-electron interaction was described by Projector 

Augmented Wave (PAW) with cutoff energy of 450 eV.45 The convergence criteria for 

energy and force were set to be 10-5 eV and 0.03 eV/Å, respectively. The van der Waals 

interaction was considered by the empirical correction of the Grimme’s scheme (DFT-

D2).46 The 4×4×1 supercell of Au(111) facet with four layers was taken as the substrate 

model. To reproduce the bulk properties, two bottom layers were fixed. The Brillouin 

zone was sampled by Gamma centered 3×3×1 Monkhorst-Pack grid for structural 

optimizations.47 The density of states was calculated by using a 5×5×1 Monkhorst-Pack 

grid. The d-band center was computed by VASPKIT code. 48 The figure of the model 

structures were generated by using ASE.49 

 The NRR process was studied based on the computational hydrogen evolution 

model (CHE).50 The Gibbs free energy change (ΔG) was calculated by the following 

equation: 

△ 𝐺 =△ 𝐸DFT +△ 𝐸zpe − 𝑇 △ 𝑆 

where ΔEDFT is the total energy difference obtained from DFT calculation; ΔEzpe and 

ΔS are zero-point correction and the variation of entropy computed from vibrational 

analysis by VASPKIT code.48 T is temperature (298.15 K in this work). The implicit 

solvation model, VASPsol, was used to consider the effect of H2O solvation. The 

dielectric constant was 78.4.51  To evaluate the activity of NRR, the limiting potential 

(UL) was calculated by  

𝑈L = −△ 𝐺max/𝑒 

where ΔGmax represents the ΔG of the PDS and e is the number of transferred electron. 

The less negative UL is, the higher activity the catalyst possesses.  
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The formation energy, the binding energy of single atom and the dissolution 

potential are further calculated to evaluate feasibility of SAA system. The formation 

energy was obtained by the following equation: 

𝐸𝑓𝑜𝑟𝑚 = 𝐸𝑆𝐴𝐴 − 𝐸𝐴𝑢(111) − 𝜇𝑀 + 𝜇𝐴𝑢 

The ESAA, EAu(111), μM, and μAu represent the energy of SAA model, Au(111) substrate, 

the chemical potential of the doped metal, and that of Au, respectively. The binding 

energy (Eb) was computed as: 

𝐸𝑏 = −(𝐸𝑆𝐴𝐴 − 𝐸𝑑𝐴𝑢(111) − 𝐸𝑀) 

where EdAu(111) and EM are the energies of defective Au(111) with one vacancy and the 

energy of isolated doped metal in vacuum box, respectively. The dissolution potentials 

(Udiss) of SAA were from the following equations: 

Udiss=Udiss
0M-(

𝐸𝑆𝐴𝐴 − 𝐸𝑑𝐴𝑢(111) − 𝜇𝑀
𝑛𝑒

) 

where Udiss
0M and n represent the standard dissolution potentials of doped metal M in 

the bulk phase and the number of transferred electrons, respectively.52 

 

3. Result and discussion 

3.1. N2 adsorption  

Adsorption of N2 is the key step to wreck inert N≡N bond. There are three possible 

adsorption sites around doped metal, including top, bridge, and hollow sites (Figure 

1b). Different adsorption configurations are corresponding to three possible 

mechanisms, i.e., distal, alternating, and enzymatic pathways.52,53 We considered two 

typical adsorption configurations of N2 on SAAs, namely end-on and side-on (Figure 

1c). Among the SAAs with Au(111) substrates, Ag- and Zn-doped systems interact with 

N2 quite weakly, similar to pure Au(111) surface. N2 molecule lies over the doped metal, 

with a distance more than 3.0 Å, showing as physisorption. The adsorption free energies 

of N2, ΔG(*N2), are 0.36, 0.36, and 0.39 eV for Ag/Au(111), Zn/Au(111) and Au(111), 

respectively. In the other systems, top site on the heteroatom is preferable due to the 

extremely weak Au-N interaction. As shown in Table S1, the end-on configurations are 

more stable than side-on configurations with relatively more negative adsorption free 
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energies. We focus on the discussion based on end-on configuration. The ΔG(*N2)s 

range from 0.14 eV (Cu/Au(111)) to -1.14 eV (Os/Au(111)), indicating that most SAAs 

significantly enhance the N2 binding compared to pristine Au(111). 

 

 

Figure 1.(a) The model of M/Au(111) SAA (M: doped metal); (b) The three possible 

adsorption sites around doped metal; (c) The two configurations of chemisorption (side-

on and end-on) and physisorption configurations of N2 on SAAs. 

 

  There are two types of interactions between transition metal (TM) and adsorbed 

N2.
13,52 One is σ-donation that the d-orbital of metal accepts the lone-pair of N2. The 

other is π-back donation that the d-electrons of transition metal return back into 

antibonding orbitals of N2 to wreck inert N≡N. Taking N2 adsorbed on Mo/Au(111) as 

an example, σ-donation leads to electron accumulation between Mo and N while π-back 

donation results in electron depletion of N≡N bond (Figure 2a). In Figure 2b, the 

project density of states (pDOS) reveals that the π* orbital of the adsorbed N2 becomes 

partially occupied, herein N2 bond is weakened and elongated. The N2 bond lengths in 

various systems are summarized in Table S2, ranging from 1.118 Å (Y/Au(111)) to 

1.137 Å (Os/Au(111)) (vs. 1.115 Å in the free gas molecular). In comparison, there is 

no apparent electron π-back donationin Zn/Au(111) system (Figure 2b), and the bond 

length of the adsorbed N2 is almost the same as that of N2 in gas phase. These results 
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can be confirmed by the Bader analysis54 that the adsorbed N2 obtained 0.32e from 

Mo/Au(111). Similarly, other SAAs except Ag- and Zn/Au(111) also donate electron to 

adsorbed N2. (Table S3) 

 

Figure 2. (a) The charge density difference of N2 adsorbed on Mo/Au(111). The 

positive and negative regions represent accumulation and depletion of electron, 

respectively. The project density of states (pDOS) of N2 adsorbed on (b) Mo/Au(111) 

and (c) Zn/Au(111). The Fermi level is set to be zero.  

 

3.2. Reaction pathways of eight SAAs candidates 

The first hydrogenation step (*N2→*NNH) follows N2 adsorption on the active 

site. As listed in Table S4, most SAAs reduce potential barriers of the first 

hydrogenation step ΔG(*N2→*NNH) compared to Au(111). For eight M/Au(111) 

systems (Ti, V, Nb, Mo, Ru, Ta, W, and Os), ΔG(*N2→*NNH)s decrease by more than 

1.0 eV. Moreover, we established relationship between binding strengths of 

intermediates (*N2 and *NNH) and ΔG(*N2→*NNH). As shown in Figure 3a, 

ΔG(*N2→*NNH) exhibits a better linear correlation with ΔG(*NNH) (R2=0.92) than 

ΔG(*N2) (R
2=0.71), implying that the stability of *NNH determines ΔG(*N2→*NNH) 

(Figure 3b).52,55 
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Figure 3. The relationships between ΔG(*N2→*NNH) and the adsorption free energies 

of (a) *N2 (ΔG(*N2)) and (b) *NNH (ΔG(*NNH)).  

 

 According to ΔG(*N2→*NNH), eight M/Au(111) systems (M=Ti, V, Nb, Mo, Ru, 

Ta, W, and Os) are supposed to possess outstanding performance, with relatively small 

ΔG(*N2→*NNH)s ranging from 0.30 eV to 0.75 eV. Subsequently, the full reaction 

pathways were investigated. Here, we only considered commonly discussed distal and 

alternating reaction mechanisms, since N2 adsorptions are all in end-on configurations 

(Figure 4a). For the distal path, the first three H+/e− pairs attack the terminal N 

continuously, and another three H+/e− pairs attack the N atom connecting to the surface. 

In many previous studies, the N-N bond-breaking takes place at the third hydrogenation 

step (*NNH2→*N+NH3).
56,57 This phenomenon can also be observed in W, Os, and 

Ru/Au(111). While for Mo/Au(111), the N-N bond is cleaved at the fourth 

hydrogenation step (*NNH3→*NH+NH3). The N-N bond-breaking is even at the fifth 

hydrogenation step (*NHNH3→*NH2+NH3) on Nb and Ta/Au(111), or the last 

hydrogenation step on Ti and V/Au(111) (Figure 4b). Despite the first ammonia 

molecule desorbs at various steps, the PDSs are all the first hydrogenation steps 

(*N2→*NNH) (Figure 4d).  

In comparison, six H+/e− pairs attack two N atoms alternatively in the alternating 

mechanism. However, compared to distal mechanisms, the second hydrogenation step 

was hindered in alternating mechanism(*NNH→*NHNH) for those SAAs, owing to 

the more positive free energy change (Table S5). For example, the ΔG(*NNH→*NNH2) 
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(-0.72 eV) are much lower than the ΔG(*NNH→*NHNH) (0.52 eV) on W/Au(111). 

Thus, the aforementioned eight SAAs show high activities with limiting potential (UL) 

ranging from -0.30 V to -0.75 V via distal mechanism(Figure 4c), which are better than 

Ru(0001) surface (UL=-0.98 V) with highest activity among bulk metals.16,58 Moreover, 

the activities of Mo and W/Au(111) are better than most single-atom catalysts (SACs) 

reported in experiments59–62 and theory simulations 56,57,63,64 with limiting barriers of 

0.30 eV. 

 

Figure 4. The reaction pathways of W/Au(111) through (a) distal mechanisms and (b) 

The N-N bond-breaking steps on typical SAAs.(c) The limiting potentials (ULs) of 
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SAAs and (d) The Free-energy diagram of Mo/Au(111). 

 

3.3. The relationship between ΔG(*N2→*NNH) and intrinsic properties of doped 

Metal. 

Based on previous analysis, the potential determining step of most promising eight 

candidates SAAs for NRR all are the first hydrogenation step (*N2→*NNH). Thus, to 

further understand the relationship between ΔG(*N2→*NNH) and electronic structures 

of SAAs, we analyzed the d-band center of doped metal in each SAA, which is a 

commonly used descriptor in catalytic field.65 Figure 5(a) exhibits a volcano 

relationship between ΔG(*N2→*NNH) and the d-band center. The W- and Mo- doped 

systems are on the top, which possess the least positive ΔG(*N2→*NNH)s. The d-band 

center is still not an intrinsic descriptor. Inspired by previous studies,66–68 we purposed 

a new descriptor (
d

√Em
 ) that only contains elemental physical parameters of dopant, 

namely electronegativity (EM) and the number of d-electron in valence orbital (d). From 

Figure 5(b), one can see that 
d

√Em
  also shows a volcano relationship with 

ΔG(*N2→*NNH). Thus we suggest that one can simply predict the performance based 

on this intrinsic descriptor. For example, we predicted that Mo and W/Ag(111) may also 

exhibit high activity with low energy barriers of ΔG(*N2→*NNH) owing to similar 

electronic structures of Ag and Au. The further simulation shows that ΔG(*N2→*NNH) 

for Mo and W/Ag(111) are 0.19 and 0.09 eV, respectively. The distal mechanism is 

preferred, similar to the Au-based system. Whereas the PDSs are the third 

hydrogenation step (*NNH2→*NNH3) with free energy changes of 0.46 and 0.47 eV 

for Mo and W/Ag(111), respectively. Herein these Ag-based alloys are also promising 

for NRR. These findings indicate that building a simple intrinsic descriptor can 

effectively design catalysts to reduce large computational resources. 
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Figure 5. The volcano relationships between ΔG(*N2→*NNH) and (a) d-band center 

and (b)  that equals to 
d

√Em
. 

 Moreover, we applied the Random Forest Algorithm (RFA) in Scikit-learn to 

analyze the relationship between properties of dopant metal and ΔG(*N2→*NNH).69 

Inspired by previous research,70–72 five parameters of doped metal were identified as 

the input data, including the number of d-electron, radius, the group number, 

electronegativity, and electron affinity. As shown in Figure 6a, the RFA model performs 

well with a training score of 0.96 and a testing score of 0.90. The result shows that the 

group number and d-electron are the two most important features (Figure 6b). They 

decide the electron distribution in the outer shell of dopant, which directly affects the 

interactions (σ-donation and π-backdonation) between dopant and adsorbate. We 

suggest that the machine-learning technology can be used to accelerate the discovery 

of efficient SAA for NRR. 
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Figure 6. (a) Comparison between DFT and predicted ΔG(*N2→*NNH). (b) Importance 

of features from the Random Forest model for ΔG(*N2→*NNH). 

 

 

3.4 The potential application of SAAs on NRR. 

 

Figure 7. (a) The illustration of the evaluating process. (b) The calculated ΔG(*N2) and 

ΔG(*H). The left upper corner is the *N2 dominant region where ΔG(*H) > ΔG(*N2). 
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(c) The formation energies of SAAs. (d) The dissolution potentials of SAAs. 

 

Selectivity. Besides activity, an ideal NRR electrocatalyst should be able to 

suppress the hydrogenation evolution reduction (HER) to achieve high faradaic 

efficiency.73–75 To evaluate the selectivity of the eight M/Au(111) and two M/Ag(111) 

SAAs, we compared ΔG(*H) and ΔG(*N2). As shown in Figure 7b, one can see that 

these eight SAAs possess positive values of (ΔG(*H)- ΔG(*N2)), indicating that these 

surfaces tend to capture nitrogen rather than hydrogen and then lead to the expected 

NRR selectivity.60,64 

Feasibility. Moreover, an applicable electrocatalyst should be facile in experiment. 

To investigate the synthetic accessibility of selected candidates, we calculated their 

formation energies (Eforms) (Figure 7c). Mo/Au(111) was taken as a reference since it 

has been synthesized.76 Except for Os/Au(111), Mo/Ag(111), and W/Ag(111), other 

five Au-based SAAs show less positive Eform values than that of Mo/Au(111) (2.59 eV) 

(Figure 7c), implying that these materials are more readily synthesized in experiment.  

Electrochemical stability. To evaluate the electrochemical stability in electrolyte, 

the dissolution potential (Udiss) of the seven M/Au(111) SAAs (M=Ti, V, Nb, Mo, Ru, 

Ta, and W) were calculated to compare with that of prepared Mo/Au(111), which 

exhibits long-term stability for effective CO2 electrochemical reduction.13,52 From 

Figure 7d, Ru, Ta, and W /Au(111) systems possess more positive Udiss than 

Mo/Au(111), corresponding to their long-term stability in electrochemical reductive 

environment, namely the high electrochemical stability.76  

Kinetic stability. Now Mo, Ru, Ta, and W/Au(111) are picked out as candidates 

through the evaluation of feasibility and electrochemical stability. Then the aggregation 

of a single atom on the substrate is checked based on the difference between binding 

energy (Eb) and cohesive energy (Ec) of the doped transition metal. The (Eb-Ec) values 

of Ta, Mo, W, and Ru are 1.34, -0.49, -0.40, and -0.38 eV, respectively. The positive 

(Eb-Ec) value of Ta-containing system is related to highly thermal stability. Beyond 

thermal stability, single-atom system can still be kinetically stable, such as the 
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synthesized Mo/Au(111).20,77,78 In comparison, Ru- and W-containing systems possess 

more positive values of Eb (7.40 and 8.46 eV) than that of Mo/Au(111) (7.08 eV), hence 

they can be kinetically stable in preparation and electrocatalysis. 

After evaluating selectivity, feasibility, and stability, the Mo, Ru, Ta, and 

W/Au(111) SAAs are finally screened out as the potential electrocatalysts for NRR 

(Figure 7a). 

 

4. Conclusion 

 In summary, a series of SAAs were investigated as candidates for NRR by using 

DFT calculation. Simulation results show that the alloying strategy effectively enhances 

the strength of N2 adsorption and thus reduces the free energy barriers of the first 

hydrogenation step. Compared to Au(111) surface, eight M/Au(111) systems (M=Ti, V, 

Nb, Mo, Ru, Ta, W, and Os ) reduce the barrier of PDS (ΔG(*N2→*NNH)) over 1.0 eV, 

corresponding to high activity with limiting potential ranging from -0.30 V to -0.75 V. 

Three descriptors were proposed to describe, ΔG(*N2→*NNH), including ΔG(*NNH), 

d-band center, and 
d

√Em
 . Since the new descriptor is only related to the intrinsic 

properties of doped elements, we predict that Mo and W/Ag(111) possess high activity 

as well. Random Forest algorithm in machine learning was used to investigate the 

relationship between intrinsic properties of doped metal and ΔG(*N2→*NNH). Finally, 

the selectivity over HER, feasibility, electrochemical, and kinetic stability were 

computed to evaluate the potential application of SAAs. Four SAAs (Mo, W, Ru, and 

Ta/Au(111)) were screened out as promising electrocatalysts for NRR. We hope our 

work can inspire both theoretical and experimental investigations on SAAs for NRR. 
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